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As the digital age engulfs our society, more and more devices surrender to the 
inevitable fate of digital control. Routinely, digital electronics replace traditional 
mechanical systems usually yielding an improvement in cost, size, weight, durability, 
performance, repeatability, and power consumption. As of the date of this document, no 
commercially available automobile is equipped with a digitally controlled throttling 
device for their air conditioning system. A primary reason for this is economics. 
Automotive manufactures cannot justify the additional costs associated with a 
microcontroller and an electronically controlled throttling device, even if they significantly 
improve performance and durability. As electronics become smaller, cheaper, "smarter", 
and faster, electronic alternatives to traditional systems become increasingly prevalent. 
Most techniques of actively controlling the performance of vapor-compression air 
conditioning system use evaporator superheat as the feedback parameter. Unfortunately, 
any amount of superheat causes the evaporator to operate at reduced capacity due to 
dramatically lower heat transfer coefficients in the superheated region. This document 
presents and defends a system that allows a vapor-compression air conditioning system to 
be stably controlled in a regime where liquid and vapor refrigerant are exiting the 
evaporator. The uniqueness of this system is attributed to the feedback transducer. The 
transducer is able to deliver a signal to the controller that is a function of the amount (by 
mass) of liquid droplets impinging on the transducer. By placing the transducer in the 
stream of refrigerant exiting the evaporator, a refrigerant throttling device can be 
manipulated to regulate the amount of liquid refrigerant that impinges the feedback 
transducer. With the signal from this transducer as the feedback in a control scheme, a 
controller can be constructed that essentially regulates system performance, and is able to 
control the system in regimes where superheat feedback is unable to operate. 
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CHAPTER I 
INTRODUCTION 
A traditional method of controlling evaporator superheat in a vapor compression 
air conditioning system is the thermostatic expansion valve (TXV). Such systems are often 
used in automotive applications. The TXV depends on superheat to adjust the valve 
opening. Unfortunately, any amount of superheat causes the evaporator to operate at 
reduced capacity due to dramatically lower heat transfer coefficients in the superheated 
region. In addition, oil circulation back to the compressor is impeded. The cold lubricant 
almost devoid of dissolved refrigerant is quite viscous and clings to the evaporator walls. 
A system that could control an air conditioner to operate with no superheat would either 
decrease the size of its existing evaporator while maintaining the same capacity, or 
potentially increase its capacity with its original evaporator. Also, oil circulation back to 
the compressor would be improved. To operate at this two-phase evaporator exit 
condition a feedback sensor would have to quantify the quality or the mass fraction of 
liquid in a liquid-superheated vapor stream of the refrigerant exiting the evaporator. 
1.1 Project Goals 
The primary objective of the research presented in this document is the 
development of a system capable of regulating the mass fraction of liquid in the liquid-
vapor stream exiting an evaporator. This dimension of controllability will allow 
exploration of a previously uncontrollable regime resulting in potentially different (and 
possibly better) COPs, capacities, and other performance quantifiers. Precursors to the 
implementation of a control scheme are the development of the feedback transducer and 
a comprehensive understanding of the behavior of the sensor over a wide range of 
conditions. 
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The scope of this research can be concisely summarized in four major goals: 
1. design and fabrication of a sensor capable of qualitative assessment of the mass of 
liquid in a two phase liquid-vapor refrigerant stream exiting an evaporator 
2. dynamically characterize and analyze the sensor to obtain insight into its behavior 
3. map the systems' operating conditions to the sensor's response to determine preferred 
operating regimes 
4. develop a controller that utilizes this sensor as feedback 
1.2 Motivation 
One of the most common control schemes for a vapor compression air 
conditioning system is the use of a thermostatic expansion valve (TXV). TXV systems use a 
remote thermal bulb at the exit of the evaporator. This bulb causes the TXV to open and 
close in response to changes in superheat of the refrigerant at the evaporator outlet. If the 
temperature of the refrigerant increases rapidly, as would be the case when the heat load 
was suddenly increased, the power element would open the valve and admit more liquid 
refrigerant to the evaporator. Once in the evaporator, the liquid refrigerant absorbs heat 
by changing state from liquid to gas. By the time it leaves the evaporator, the gaseous 
refrigerant has been superheated a few degrees. 
By allowing the evaporator to operate with some non-zero superheat at its exit, 
some portion of the evaporator will have only vapor flowing through it (no liquid). This 
situation decreases the refrigerant-side heat transfer. This portion of the evaporator is not 
able to vaporize refrigerant, and is only able to transfer heat via the sensible heating of the 
refrigerant. This process can reduce the capacity of the evaporator. 
Any control scheme that uses superheat as its control signal (e.g. TXV systems) must 
have some non-zero superheat. Such a system is unable to control the plant to operate in 
a regime of saturated liquid/vapor at the exit of the evaporator. The minimum amount of 
superheat that such a system can use and maintain stability is dependent on the method of 
measuring the superheat. 
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The difficulty of a temperature measurement is in part due to the non-equilibrium 
flow of refrigerant as it exits the evaporator only slightly superheated. The flow is said to 
be non-equilibrium because saturated liquid droplets are entrained in superheated vapor. 
There is just not enough time for the liquid to vaporize and reach equilibrium. This 
phenomenon can be attributed to mal distribution of liquid/vapor refrigerant throughout 
the evaporator and to the nature of two-phase flow [2,36A6]. The saturated liquid 
droplets in superheated vapor flow regime cause temperature transducers to exhibit large 
variances. 
In evaporators with imperfectly distributed exit streams, a mixture of superheated 
vapor and droplets often exits the evaporator. Some channels or circuits that are thermally 
overloaded have superheated vapor at the exit, while others where thermal loads are not 
sufficient to evaporate all I iqu id that enters wi II have some droplets at the exit. The 
mixture of these streams is in thermal non-equilibrium. After sufficient time (or length of 
pipe) the droplets would completely evaporate, reducing superheat. But if the sensible 
heat available in the superheated vapor is not enough energy to vaporize all droplets, then 
the exit stream is in the true two-phase quality region. Liquid-mass-fraction (LMF), which 
is the mass of liquid in vapor of any state, is a measure to describe the state at the 
evaporator exit, as described in Shannon, Hrnjak, and Leicht [28]. LMF is defined as 
LMF = __ m_liq-,-u_id __ (eq 1.1) 
mliquid + mvapor 
A temperature transducer measuring the temperature of refrigerant in this non-
equilibrium flow regime can read the saturation temperature (if a liquid droplet is on the 
transducer), or can read the temperature of the superheated vapor (which may not be 
constant), or can read any value in between. A large variance in a control signal (e.g. 
superheat) can cause a controller to hunt. Since the non-equilibrium flow has 
superheated vapor along with liquid droplets, quality cannot be used to correctly describe 
the state of the refrigerant. 
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1.3 Background 
An understanding of several air conditioning and refrigeration concepts is essential 
for proper interpretation of the research presented in this document. 
1.3.1 Expansion Devices 
A schematic flow diagram showing the basic components of the vapor compression 
refrigeration system is shown in figure 1.1. Some typical temperatures for air conditioning 
applications are indicated. Refrigerant fluid circulates through the piping and equipment 
in the direction shown. 
Process 1 - 2. At point (1), the refrigerant is in the liquid state at a relatively high 
pressure and high temperature. It flows to (2) through a restriction, called the flow control 
device or expansion device. The refrigerant loses pressure going though the restriction. 
The pressure at (2) is low enough to allow a small portion of the refrigerant to flash 
(vaporize) into a gas. In order to vaporize, the refrigerant must absorb enough heat to 
overcome the refrigerant's heat of vaporization (which it takes from that portion of the 
refrigerant that did not vaporize), thus cooling the mixture and resulting in a low 
temperature at (2). 
condenser 
J ~ evaporator 
expansion device 
Figure 1.1. The vapor compression refrigeration system. 
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Process 2 - 3. The refrigerant passes through the evaporator. During this time, the 
refrigerant vaporizes, taking heat from the environment. Ambient fluid passing over the 
evaporating refrigerant will lose sensible heat. The heat is absorbed as latent heat and 
vaporizes the refrigerant. 
The expansion device can playa dual role. The most obvious purpose of an 
expansion device is to expand some of the liquid into gas by imposing a pressure drop. 
The expansion device can also be responsible for regulating the refrigerant flow according 
to the load. 
One ofthe two most common methods of refrigerant control in automobiles is the 
orifice tube. The orifice tube is only able to exhibit a fixed restriction, and is not able to 
actively control the flow of refrigerant. The orifice tube has been traditionally used 
because of its low cost and high reliability due to the fact that it has no moving parts. 
The second traditional method of refrigerant control in automobiles is the 
thermostatic expansion valve (TXV). The TXV is able to actively change the flow of 
refrigerant as needed by the system. A bulb filled with a refrigerant fluid is in thermal 
contact with the outlet of the evaporator. It senses and responds to the temperature at that 
point. This bulb acts as a thermal motor such that increasing pressure of the fluid in the 
bulb due to vaporization tends to open the valve more, against a closing spring pressure. 
If the load in the system increases, then the refrigerant in the evaporator picks up more 
heat, and the temperature and pressure of the fluid in the bulb increases. This action is 
able to open the valve more to handle the increased load. The disadvantage of TXVs is 
that they are less reliable than orifice tubes due to their moving parts and their relatively 
fragile construction. 
Electronic expansion valves have not been traditionally used for automotive 
applications due to the expense on such a system. An electronic expansion valve (EEV) 
system requires a computer to monitor the temperatures at the inlet and the outlet of the 
evaporator. From this feedback, the computer actively controls the valve setting. The 
versatility and efficiency of an EEV make it ideal for an automotive air conditioner, but, to 
date, the cost has been too great. 
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1.3.2 Operating with Finite LMF at the Exit of the Evaporator 
The controlled variable in most evaporator control schemes (TXV, EEV, float valves, 
etc.) is the superheat at the evaporator exit. The reason is obvious. Superheat can be 
controlled by valve position and superheat can be determined by a simple temperature 
measurement. The superheat value used is a function of the evaporator type, load, and 
distribution. Typical values are on the order of 4-8°C. A certain minimum superheat is 
needed for reliable operation of the system. Ifthe degree of superheat is too small, the 
temperature signal from the evaporator outlet becomes very erratic leading to expansion 
valve hunting. Operation with superheated vapor exiting the evaporator is usually 
detrimental to evaporator performance since heat transfer is very poor in the superheated 
region. 
Evaporator performance would be better if exit refrigerant had some low LMF. This 
principle is demonstrated in liquid overfeed evaporators. Evaporator operation without 
superheat or with some liquid droplets at the exit would potentially increase heat transfer 
on the refrigerant side and for a given system capacity, increase evaporating temperature. 
Of course, there must exist an optimum balance between an increase in evaporator 
capacity and lost refrigeration capacity due to liquid carry-over. Further, as evaporator exit 
LMF increases, a level that can damage the compressor will be reached. 
1.4 Previous Work 
Much of the material contained in this document is built upon research conducted 
by others. The research conducted by academia usually has ample documentation 
available. But, much of the related work pursued by industry does not have publicly 
available literature. Unfortunately, this situation often leads to multiple parties conducting 
similar research without each other's knowledge. It is known that several companies have 
developed sensors similar to the one described in this document. At best the company 
obtains a patent, and the design and behavior of the sensor become public knowledge. 
Often, the existence of a sensor design is known, but details are not publicly disclosed. It 
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is very likely that there have been others who have designed similar sensors that this 
research project has no knowledge of. 
1.4.1 Work within the ACRC 
Research related to that presented in this document has been carried out by other 
projects at the Air Conditioning and Refrigeration (ACRC) at the University of Illinois 
(Urbana-Champaign). 
One of the early studies of superheat stability was carried out at the University of 
Illinois by Wedekind and Stoecker in the 1970's [36,45,46]. The project addressed the 
stability of the location of the last evaporated droplet in a straight, electrically heated, glass 
tube. It was found that the location of the last evaporated droplet (the end of the two-
phase region) is a stochastic function and the distribution was determined. Some years 
ago, in one of the first ACRC projects, Barnhart and Peters [2] studied stability at the exit of 
a single glass tube serpentine evaporator. They observed the same phenomena described 
by Stoecker and determined that most of the instabilities at the exit were generated far 
upstream, almost at the evaporator inlet, and propagated downstream. 
Unsteadiness of the exit temperature signal in an ATP(frane funded project that 
was focused on R407C operation was used as an identifier of "stable" operation. At that 
Figure 1.2 MEMS Serpentine Resistance Sensors 
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time the idea of using the variance of the temperature signal at the exit of the plate 
evaporator for better flow control originated. 
That idea was further developed in a just completed, EPRI funded project [28]. The 
objective of the project was to develop a micro electromechanical system (MEMS) sensor 
that would do a better job of sensing droplets at the evaporator exit than a thermocouple. 
The project also sought to explore the possibility of reducing mal distribution in plate 
evaporators by smart control of a gang of small expansion valves (one valve per plate). A 
new MEMS sensor (a heated resistance temperature detector RTD) was developed (Figure 
1.2). 
The EPRI project's test facility was designed and built to simulate operation of up to 
a three ton evaporator either controlled by a TXV, a manual expansion valve, or operated 
in parallel with an additional evaporator or bypass. Three sensors were used: a 
thermocouple (TC), a specially designed MEMS sensor that operates as an RTD, and a 
photo diode that senses the light from a laser reflected off of refrigerant droplets in the 
evaporator outlet flow. 
The MEMS RTD was driven by a current source and the voltage drop across the 
sensor was the measured variable (see Figure 1.3). This voltage is a function of the 
temperature of the sensor. Notice that this device is essentially an uncompensated hot film 
anemometer (see page 90 of [21]). Hot wire anemometers have been used to detect 
droplets entrained in gases (page 181 of [21]). The sensor is cooled as each droplet strikes 
the hot sensor and is evaporated. A hot wire sensor can successfully detect the frequency 
of droplet collisions with the sensor, but attempts to quantify the droplet size from the 
sensor output have not been completely successful. This does not necessarily mean that a 
hot film sensor might not serve as a very useful quality transducer for measuring high 
vapor quality. 
Major findings of this exploratory project are: 
• It was determined that the variance of the temperature signal of the TC and the MEMS 
RTD sensor is related to the liquid mass fraction (LMF). Three devices were fabricated 
and studied (resistances at OC of 107.03, 27.5, and 5.01 Ohms), but results shown here 
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are for the MEMS RTD with a resistance of 107.3 Ohms at OC that was excited with a 
constant current of approximately 25 mA. The voltage across the sensor was measured 
and was a direct measure of the sensor resistance and hence temperature. The 
relationship was explored for superheated vapor (8 to 12 DC) at the evaporator exit. 
• The MEMS RTD sensor is more sensitive at the low LMF values (approximately 1 %) 
and the TC at higher values (up to 4%). 
• By necessity the TC must operate in the metastable, superheated vapor/saturated liquid 
droplet, region. The TC is heated above the saturation temperature by the superheated 
vapor and saturated liquid droplets impinging on the thermocouple bead cause the 
resulting temperature fluctions. 
• Since the MEMS RTD is self-heated, it can in principle operate in the quality region. 
Droplets impinging on the self heated sensor cause cooling of the RTD. When the 
sensor is powered by a current source, cooling reduces the resistance of the sensor 
slightly. The voltage drop across the sensor changes and is the observed signal. 
Current 
Source 
Vo 
Figure 1.3 Circuit diagram of MEMS RTD electronic circuitry. 
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Concurrently with the composition of this document, Shannon, Hrnjak, and Miller 
have been further developing this project. Refer to [29] and [14] for further details. 
1.4.2 Saturated Liquid and Superheated Vapor Measurements 
w. C. Buck [4] experimentally investigated short-term processes in both an 
automotive air conditioning system and a stationary refrigeration system. A hot-film 
anemometer, a pressure transducer, and a temperature sensor were used to determine the 
mass velocity of the gas phase, the mass velocity of the liquid phase and the superheat in 
the suction line. The measurements have lead to the conclusion that, for the processes 
investigated, the use of superheat does not offer a safe means of control or regulation of 
the filling of the evaporator with refrigerant. 
Buck used a 'droplets sensor' (constant-temperature hot-film anemometer) placed 
in the suction line to estimate the mass velocities of the vapor and liquid droplets 
independently. The signal from the droplets sensor is composed of two effects, each of 
which superimposes its contribution to the recorded signal. The vapor phase and the 
impinging droplets make independent contributions to the signal from the droplets sensor. 
A signal processing technique was employed to separate the two independent 
contributions. Results of experimentation reveal that with over 10°C of superheat at the 
exit of the evaporator the droplets sensor still indicated liquid droplets in the suction line. 
This means that the superheat does not give any indication of a wet suction line fluid. 
1.4.3 Related Work Done by Industry 
As previously mentioned, several companies have pursued similar ideas, but very 
limited literature is available due to proprietary rights. 
A patent exists for a transducer that appears to function in a similar fashion as the 
device described in this document. Patent number 2219661 was granted on May 13 th , 
1992 to York International Ltd. by the Comptroller-General of Patents, Designs and Trade 
Marks, United Kingdom Patent Office. In addition several companies are currently 
pursuing a prototype commercial transducer. 
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There have also been numerous US patents that are relevant to this research. Some 
of the more notable are: 
US5289692 03/01/1994 Apparatus and method for mass flow control of a working 
fluid. A mass flow control apparatus and method for use in combination with a heat 
transfer system having a compressor, condenser, expansion valve, evaporator and working 
fluid in a s fluid circuit. The mass flow is controlled using a quality sensor for the working 
fluid exiting the evaporator, and a high side pressure sensor. A control circuit is provided 
that monitors the quality sensor and the high side pressure sensor, and controls operation 
of the compressor, condenser fan and valve in response thereto. A flow reduction mode is 
used to reduce high side pressure at the valve inlet without excessive compressor cycling 
by changing the quality sensor setpoint when the high side pressure exceeds the 
condenser fan turn-on pressure but is less than the compressor disengage pressure. 
US5335513 08/09/1994 Apparatus and method for detecting characteristics of a 
working fluid. A heat transfer system includes a high side pressure sensor in the form of a 
temperature dependent resistance in heat exchange with the system working fluid to 
locally heat the fluid in response to a control signal. Control means are provided for 
applying the control signal to the resistance and detecting a minimum thermal resistance 
between the thermistor and the working fluid. 
US5390897 02/21/1995 Expansion valve for air conditioning system with 
proportional solenoid. An expansion valve for heat transfer systems such as an air 
conditioning system, includes a control element for controlling the flow rate of working 
fluid through the valve. The control element has a stem member and movable member 
movable on the stem member. Openings to an internal passage in the stem member are 
regulated by positioning the movable member to achieve regulated flow rate of refrigerant 
material through the valve. The movable member of the control element is moved by a 
plunger of a proportional solenoid. The proportional solenoid has a magnetic flux circuit 
including a low permeance isolation tube surrounding the plunger, which enables 
removal of the coil and frame of the solenoid from the valve. The solenoid further includes 
a variable permeance flux washer the flux through which varies with plunger position, 
which is disposed from a gap which provides an area of magnetic saturation. The 
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proportional solenoid produces force/displacement characteristics which enable precise 
control of the control element and accurate regulation of the refrigerant flow rate through 
the valve. 
US5460349 10/24/1995 Expansion valve control element for air conditioning system. 
US5477701 12/26/1995 Apparatus and method for mass flow control of a working 
fluid. A mass flow control apparatus and method for use in combination with a heat 
transfer system having a compressor, condenser, expansion valve, evaporator and working 
fluid in a fluid circuit. The mass flow is controlled using a quality sensor for the working 
fluid exiting the evaporator, and a high side pressure sensor. A control circuit is provided 
that monitors the quality sensor and the high side pressure sensor, and controls operation 
of the compressor, condenser fan and valve in response thereto. A flow reduction mode is 
used to reduce high side pressure at the valve inlet without excessive compressor cycling 
by changing the quality sensor set point when the high side pressure exceeds the 
condenser fan turn-on pressure but is less than the compressor disengage pressure. 
US5522231 06/04/1996 Apparatus and method for mass flow control of a working 
fluid. A mass flow control apparatus and method for use in combination with a heat 
transfer system having a compressor, condenser, expansion valve, evaporator and working 
fluid in a fluid circuit. The mass flow is controlled using a quality sensor for the working 
fluid exiting the evaporator, and a high side pressure sensor. A control circuit is provided 
that monitors the quality sensor and the high side pressure sensor, and controls operation 
of the compressor, condenser fan and valve in response thereto. A flow reduction mode is 
used to reduce high side pressure at the valve inlet without excessive compressor cycling 
by changing the quality sensor set point when the high side pressure exceeds the 
condenser fan turn-on pressure but is less than the compressor disengage pressure. 
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CHAPTER II 
SENSOR 
The foundation of this research is based on the design and development of a sensor 
that will be used as a feedback signal in a controller. While sensors similar to the one 
described here have been developed, the document will highlight the uniqueness of this 
particular sensor. 
2.1 Fundamentals 
The physics of this sensor are not unique. Many of the principles used to describe 
the behavior of the sensor are found in other systems. 
2.1.1 Hot Wire Anemometry 
The hot-wire anemometer has been in common use in fluid mechanics research for 
more than seventy years. It has often been used for estimating instantaneous fluid 
velocities. Some of the fundamentals of the hot-wire will be utilized in the development 
of the feedback sensor. 
2.1.1.1 Basics 
The hot-wire anemometer is a thermal transducer. The principle of operation is as 
follows. An electric current is passed through a fine filament that is exposed to a cross 
flow. As the flow rate varies, the heat transfer from the filament varies. This in turn causes 
a variation in the heat balance of the filament. The filament is made from a material 
which possesses a reasonably large temperature coefficient of resistance, i.e. if the 
temperature of the filament varies, so also does its resistance and hence the Joule heating. 
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The variation of resistance give rise to signals related to the variations in flow velocity or 
flow temperature. The hot-wire method can therefore be used to measure instantaneous 
velocities and temperatures at a point in a flow. 
There are two modes of operation of a hot-wire system. The first is the constant 
current mode. Here the current in the wire is kept constant and variation in wire 
resistance caused by the flow are measured by monitoring the voltage drop variation 
across the filament. The second is the constant temperature mode. Here the filament is 
placed in a feedback circuit which tends to maintain the wire at constant resistance and 
hence constant temperature. Fluctuations in the cooling of the filament are seen as 
variation in wire current. 
2.1.1.2 Review of Relevant Work 
One of the more fundamental papers in the area of constant temperature 
anemometry was written by James Miller and titled "A Simple Linearized Hot-Wire 
Anemometer" [23]. Miller presents a design for a hot-wire system that exhibits high 
stability, simple bridge adjustment, and a linearizer having an adjustable exponent and 
very high transfer function accuracy. Measured frequency response is in excess of 100 
kilohertz for the bridge and 7.5 kilohertz for the linearizer. 
Another relevant paper is titled "A Study of the Hot-Wire Anemometer for 
Measuring Void Fraction in Two Phase Flow" which was written by H. Toral [40]. The 
performance of the constant temperature hot-wire anemometer as a local void fraction 
meter was studied with freely rising bubbles of air and vapor in ethanol. The principle of 
void fraction measurement by the hot-wire anemometer technique is to monitor the 
different rates of heat dissipation from the probe in vapor and liquid phases. The fraction 
of time during which the probe detects the vapor phase can be considered as the local 
void fraction, given a sufficiently long observation time. The hot-wire signal gave an 
indication of the rate of heat transfer from the transducer. From this relative heat transfer 
rate, the percentage of liquid and vapor was estimated. 
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2.1.2 Design Considerations 
In order for the feedback sensor to meet desired specifications, many aspects of the 
sensor must be analyzed. The sensor must be robust enough to survive the harsh turbulent 
environment of high-speed refrigerant flow. The sensor must be able to deliver a 
measurable signal that is a function of relative LMF of the fluid. The dynamic response 
must be adequate for a controller to use the sensor's signal a its feedback. 
2.1.2.1 Building from Previous Work 
An introduction to related work is presented in sections 1.4 and 2.1.1.2 of this 
document. Much of the research done on this project is based the work of Shannon, 
Hrjnak, and Miller [14, 18, 29, 32]. They built on the idea of a constant current hot-wire 
anemometer to develop a MEMS device that is able to qualitatively estimate the LMF of a 
stream of refrigerant. The design of this project's transducer began with the principles and 
results of Shannon, Hrjnak, and Miller. From there, variations in design specifications 
were imposed on a new design that would ultimately result in a transducer better suited 
for its purpose. 
2.1.2.2 Constant Current vs. Constant Temperature 
Although constant current and constant temperature designs can sometimes 
perform the same task, the separate architectures exhibit unique characteristics. The 
constant current architecture is passively controlled (open loop) with a constant current 
supply. A constant current is fed to the filament, and after the filament has reached a 
uniform thermal equilibrium the voltage drop across the filament is an indication of the 
temperature of the filament. The speed of the transducer's response is a function of the 
convective heat transfer coefficient between the sensor and the free stream, the free stream 
mean temperature, the current through the sensor, and the thermal mass of the sensor. The 
convective heat transfer coefficient between the sensor and the free stream and the free 
stream mean temperature are fixed by the conditions of the flow and fluid properties. The 
current through the sensor is limited by the minimum amount of current needed to burn 
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out the transducer for a given set of conditions. Under normal operating conditions forced 
convection usually provides enough heat transfer so the transducer does not burn out. But 
if the same current flowed through a transducer in an environment devoid of forced 
convection, the possibility of burning out the transducer greatly increases. The thermal 
mass of the transducer is a function the transducer's geometry and its material. For a 
constant current architecture the thermal mass is the only parameter that can be changed 
to alter its speed of response (frequency response). 
A constant temperature architecture actively drives the temperature of the filament 
to a constant temperature. A more descriptive name for the circuitry is a constant 
resistance acrchitecture, because negative feedback to an amplifier forces the filament to a 
fixed resistance. All of the factors that affect frequency response of the constant current 
architecture affect the response of the constant temperature (resistance) architecture. But, 
since the constant resistance circuitry is driven by active components, the active 
components (usually operational amplifiers) will influence the frequency response. 
Because of this, constant temperature transducers can be developed with a larger 
bandwidth than constant current transducers. 
2.2 Constant Temperature Sensor 
This project chose the path of the constant temperature architecture to drive the 
transducer. This design proved to more robust, yielded a greater bandwidth, and was 
inherently self-protected against burnout. 
2.2.1 Design Specifications 
For a sensor to properly function as the feedback for a controller used for regulating 
the I iqu id-mass-fraction (LMF) at the exit an evaporator, the sensor has to meet many 
specifications. 
The sensor has to be robust enough to handle an environment where high-speed 
two-phase refrigerant rushes over it. The sensor has to withstand the endless 
bombardment of high-speed liquid droplets without failing. 
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The filament of the transducer has to be situated in the stream of refrigerant in such 
a fashion to maintain isolation from ambient conditions (temperature and pressure). The 
transducer must be designed to be as non-invasive as possible. Neither the sensor nor its 
supporting structure should impose a significant pressure drop or alter the flow dynamics 
in any other significant manner. 
The frequency response of the sensor must be fast enough to provide accurate 
measurement to the controller. If the dynamics of the sensor are too slow, the control 
system could lose significant phase, which could result in instabilities in the controller. 
The sensor should be simple to construct. For industry to find interest in this design 
it must be able to be made economically. 
The transducer must deliver a measurable signal that is an indication of the 
magnitude of the liquid-mass-fraction of the refrigerant. 
2.2.2 Construction 
As previously mentioned, the construction of the sensor was simi lar to the constant 
temperature hot-wire anemometer. Instead of a single isolated wire, this design used an 
RTD (see section 2.2.2.1 for details) as the transducing element. The RTD serves the same 
purpose as the MEMS sensor in the project presented in section 1.4.1. But the RTD is an 
off-the-shelf product, and therefore easy to obtain. 
Figure 2.1 schematically shows what the sensor might look like in a stream of 
refrigerant. The RTD must be placed in the stream of refrigerant. Also, wires must carry 
voltage to and from the sensor while keeping the sensor sealed from ambient pressure so 
that high pressure refrigerant does not leak out. To accomplish this the wires to the RTD 
were fed through a 1/8 inch O.D. aluminum tube. The wires were 24-gauge and coated 
with polytetrafluoroethylene (trade name Teflon). Because of the limited space inside the 
1/8 inch aluminum tube, Teflon™ coated wire is used because Teflon is an excellent 
insulator, and a larger percentage of the cross-sectional area of the wire can be used for 
conductor as opposed to insulation. Finally, Teflon acts as an excellent solid lubricant 
that easily allows the wires to be slid through the tube. 
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Figure 2.1. Cross-section view of the sensor placed in a pipe filled with moving 
refrigerant. 
Figure 2.2 shows what the schematic of the device might look like. At one end of 
the tube the wires were soldered to the leads of the RTD. Epoxy was placed at the base of 
the RTD to seal it from the inside of the tube and to hold the RTD in place. No epoxy was 
placed on the transducing element of the RTD (filament head). Epoxy is also placed at the 
other end of the tube to seal off the ambient pressure from the inside of the tube. The tube 
itself is sealed off with Swedgelock ™ compression fitti ngs. 
Figure 2.2. schematic of the sensor. 
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2.2.2.1 RTD 
As a result of the physical nature of the conduction of electricity, electrical 
resistance of a conductor or semiconductor varies with temperature. Using this behavior 
as the basis for temperature measurement is extremely simple in principle, and leads to 
two basic classes of resistance thermometers: resistance temperature detectors 
(conductors) and thermistors (semiconductors). Resistance temperature detectors (RTD) 
may be formed from a solid metal wire, which exhibits an increase in electrical resistance 
with temperature. The physical basis for the relationship between resistance and 
temperature is the temperature dependence of the resistivity of the material. 
The most common material chosen for the construction of RTDs is platinum. The 
platinum RTD provides a means for the measurement of temperature, and historically 
provided the first interpolation standard for an internationally acceptable temperature 
scale. The RTD relies on the change in electrical resistance of a platinum wire to provide 
a precise measure of temperature. The linear approximation for the relationship between 
temperature and resistance is valid over a wide temperature range, and platinum is highly 
stable. 
Figure 2.3 Photograph of the thin-film RTO used in the sensor. The dimensions 
of the RTO are 10mm x 2mm x 1 mm thick. 
The specific RTD used in the construction of the sensor was purchased by Omega. 
Omegafilm Platinum RTD (catalog number F31 01) are small, thin, flat ceramic encased 
elements with strain relieved silver palladium alloy leads approximately 0.4" long. 
Temperature rating from -50 to 600°C. Calibration is to DIN standard 43760, 0.1 % 
tolerance. It has a single winding configuration with 1 OO-Ohm resistance at O°C. The 
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alpha (the temperature coefficient of resistivity) is 0.00385. The dimensions of the RTD (in 
millimeters) are 10 long, by 2 wide, by 1 thick. The filament head is the portion of the 
RTD that has the actual transducing element exposed. The filament head is 3mm long by 
2mm wide. 
2.2.2.2 Feedback Circuit 
For the transducer to behave correctly circuitry must be used to keep the RTD at a 
constant temperature (see Figure 2.4). This circuit tries to keep the resistance of the RTD 
equal to Rset • The voltage Vo is then directly proportional to the current needed to achieve 
this condition. The power removed by heat transfer into the refrigerant stream is, of 
course, the square of the current flowing through the RTD times the RTD resistance (or 
R set) • 
This circuit uses an operational amplifier as the medium for feedback. The op-amp 
uses the feedback to maintain its inputs at constant voltage while drawing very little 
current. This is what forces the resistance of the RTD to be equal to the resistance of Rset • 
Traditionally, an RTD is used to measure temperature by measuring the resistance of the 
RTD as it changes with temperature. But, this circuit forces the resistance of the RTD to be 
+24V 
+24V 
-5V 
R 
R 
Figure 2.4 Constant sensor resistance control 
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equal to Rset. The circuit compensates by heating up the RTD until the resistance (and thus 
the temperature) of the RTD is equal to Rset. 
2.2.3 Theory 
Compared to the constant current architecture, this constant temperature design has 
a much wider bandwidth (that is, it will respond to much higher rate variations in heat 
flux). The reason is as follows. Constant current excitation requires that the transducer 
temperature changes for any change in transducer resistance and hence signal to be 
observed. This is an inherently slow (relatively long time constant) process dominated by 
the thermal capacity of the transducer body. Constant resistance operation implies that the 
circuitry varies the transducer current so that the transducer stays at a constant resistance 
and hence a constant temperature. The thermal energy stored in the transducer body does 
not change. This technique is used with hot wire anemometers and provides very 
broadband performance (bandwidths up to 0.5 MHz). The technique also has the 
advantage of protecting the sensor from overheating. 
The circuit (as shown in Figure 2.4) maintains the voltage drop across the RTD 
equal to half of Vo. Since Rset is equal to the resistance of the RTD, the power dissipated 
through the RTD can be determined. By measuring the temperature of the refrigerant 
passing over the sensor and inferring the temperature at the surface of the RTD from RsetJ 
the difference of these temperatures can be found. This document refers to this 
temperature difference as overheat. The overheat represents the driving potential that 
allows power to be dissipated through the sensor. 
Figure 2.5 shows the RTD sensor in the stream of refrigerant. Current is driven 
through the filament of the RTD. The i2R power loss through the RTD is transferred to the 
refrigerant. The voltage drop across the RTD is measured. The power dissipated through 
the sensor is a function of its voltage drop and its resistance (which is known). The 
temperature of the free-stream refrigerant is measured by a thermocouple. These 
measured and computed parameters will be used to estimate the LMF of the refrigerant 
passing the sensor. 
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The ratio of the power dissipated to this temperature difference can be interpreted 
as lithe surface-to-free-stream thermal conductancell between the RTD and refrigerant. It is 
essentially the convection heat transfer coefficient multiplied by the effective surface area 
(hA). This surface-to-free-stream thermal conductance (hA) does not depend on the 
effective surface area of the sensor because neither the geometry nor the orientation of the 
sensor varies. This hA parameter is particularly sensitive in the high quality/low superheat 
region (low LMF). As the LMF of a fluid increases, so does its hA. 
As a droplet of saturated liquid refrigerant clings to the surface of the RTD, the RTD 
circuitry will do what it can to raise its temperature back its set point (which is determined 
by Rset). To do this the RTD must transfer enough energy to the refrigerant to overcome its 
latent heat of vaporization. As the LMF of the fluid decreases, less energy is dissipated 
through the RTD. When the fluid becomes all vapor, all of the energy flux through the 
RTD goes to sensible heat that is needed to raise the temperature of the RTD to its set 
point. 
-<er • 
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figure 2.5 schematic of the sensor in the flow of refrigerant. 
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CHAPTER III 
EMPIRICAL SENSOR DYNAMICS 
Chapter 2 proposed a design of a sensor that is capable of estimating the LMF of 
refrigerant passing over it. Design decisions were explained, and theories were proposed 
on why the sensor should work. This chapter describes characterization tests of sensor. 
3.1 Experimental Facility 
An existing refrigeration loop was used to conduct experiments to characterize the 
sensor. Some additions were made to the loop to meet the demands of the experiments. 
3. 1. 1 The Existing Loop 
The refrigeration loop contains the four necessary elements of a vapor-
compression cycle refrigeration system: compressor, condenser, expansion device, and 
evaporator. In addition, there is a receiving tank for collecting high pressure liquid from 
the condenser, a liquid subcooler, and instrumentation for monitoring process conditions. 
The system schematic is shown in figure 3.1, where solid lines represent refrigerant piping, 
and dashed lines represent water piping. The compressor is a Copeland model ZR61 K2 
hermetically sealed scroll compressor. The refrigerant is R22. Mineral oil circulates 
through the entire flow loop, including the test section, and is necessary to lubricate the 
compressor. A common problem in this type of systems is oil accumulation in the 
evaporator when operating at high superheats. This reduces evaporator capacity, could 
influence refrigerant side mal distribution, and may lead to poor compressor lubrication. 
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Figure 3.1 Experimental facility used for characterizing the sensor 
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On the discharge side of the compressor is a SWEP model B1Sx60 parallel plate 
condenser. Condensers like this are often used in unitary A/C systems. Building cold 
water supply is used as the cold fluid in the condenser, which operates in a counter flow 
arrangement. 
The main evaporator is fed by an AlCO series TCl thermostatic expansion valve 
that has been modified for manual operation. The temperature sensing bulb and 
diaphragm assembly has been replaced with a micrometer handle attached directly to the 
valve stem cage assembly. The micrometer handle allows for precise control of 
evaporator feed, and eliminates hunting problems associated with conventional TXV's that 
add an additional layer of complexity to the multi-pass evaporator systems. Operating at a 
fixed expansion valve position also permits the investigation of evaporator dynamics, 
independent of TVX dynamics, over a wide range of superheat. The main evaporator is a 
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SWEP model B15x40 3-ton (10.5 kW) capacity parallel plate heat exchanger. It consists 
of 19 refrigerant passages and 20 water passages operating in a counter-flow 
configuration. The plates have chevron style contours to enhance heat transfer. Two-
phase refrigerant enters at the bottom of the evaporator, evaporates vertically through the 
plates, and exits at the topside of the evaporator. The heat load to the evaporator is 
supplied by water from the water reservoir. Thermocouples located at the entrance and 
exit of the refrigerant and water streams monitor process conditions. Care was taken to 
position the exposed bead of the refrigerant exit thermocouple at the center of the exit 
pipe cross section. 
3.1.2 Additions 
At the heart of the water loop is the 15 Liter (4 gallon) water mixing tank. A Teel 112 
hp centrifugal water pump draws water from the bottom of the mixing tank, and pumps it 
through the evaporator. Chilled water from the evaporator then recirculates back to the 
mixing tank. Previously, hot water from the condenser was directed back to the mixing 
tank to provide the thermal load for the evaporator. The mixture of hot condensing water 
and chilled water from the evaporator mixed in the tank and provided the appropriate 
inlet water temperature for the evaporator. Water flow rate was controlled via a bypass 
line and throttling valve connected between the pump discharge and the mixing tank. A 
drain hose located 20 cm above the bottom of the tank keeps the water level in the mixing 
tank constant. 
This scheme for controlling the conditions of the water loop proved to be difficult 
and time-consuming. Because the thermal load on the evaporator was dependent on the 
conditions of the condenser, the thermal systems were coupled with each other, making it 
very difficult to control. A solution was to decouple the thermal systems by not 
recirculating the water from the condenser, but provide a thermal load to the evaporator 
that is independent of conditions in the loop. To do this a water circulation heater was 
installed to heat the water before entering the evaporator. 
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A Watlow 12kW water circulation heater (part # CBLC726C3) was installed into 
the water loop immediately before the evaporator. The dynamics of the circulation heater 
are controlled by a PIO controller. Watlow's Series 93 is a microprocessor-based control 
with single input and single output. The specific model number is 93AA-1 CAO-OORC. It 
uses a thermocouple that is placed before the evaporator in the water loop as its feedback 
input. The red display shows the current reading of the thermocouple. And the green 
display may either read the setpoint of the controller (the desired temperature of the water) 
or the percentage of maximum power being supplied to the heater. 
The power to the circulation heater is regulated by a Watlow OIN-a-mite (style C) 
solid state power control, part # OC2C-4024-COOO. It uses a 3-phase, 2 leg wiring 
configuration, and it has a "burst fire contactor" output control type. Its output is 40 amps 
and 240 volts AC. 
3.1.3 Calorimeter 
The test section consists of a glass tube for flow visualization, a static mixer, a 
calorimeter, and several thermocouples and pressure transducers for monitoring flow 
conditions. The static mixer is shown in figure 3.2, along with the calorimeter. The mixer 
is designed to stir the flow such that all of the entrained liquid is completely evaporated by 
the superheated vapor. Provided liquid is present, conditions at the exit of the mixer will 
be a uniform temperature which is less than the original superheat temperature, assuming 
there was some superheated vapor. Pressure drop in the mixer is minimal, and has been 
measured at no more than 3 kPa during conditions of interest. The static mixer consists of 
a 6" long by 2%"diameter copper tube with a helical copper sheet inside. The helix 
provides enough mixing to allow LMF measurements as much as 5 percent. 
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Figure 3.2 A simplified schematic of the loop used to characterize the sensor 
To directly measure the quality of the evaporator exit fluid, a calorimeter for 
measuring refrigerant entrained mass fraction completes the test section. The calorimeter 
consists of a 3,450 Watt Chromalox finned tubular heater inserted into 1 3/800 copper 
tube. The heater is 48 inches long with 4.5 fins per inch. The calorimeter is well 
insulated, and is instrumented with thermocouples and pressure transducers at the 
entrance and exit. Heater power can be conveniently adjusted by a variac, and the power 
output is measured directly with a watt transducer. The calorimeter serves two purposes. 
First, when the system is running with relatively little liquid at the evaporator exit the 
heater is used to ensure that all of the liquid is evaporated before entering the compressor. 
Second, the calorimeter can be used when the evaporator is fully wetted to measure exit 
quality. 
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In order for the RTD sensor to be calibrated there must be an alternative way to 
measure the LMF of the refrigerant. During two-phase flow traditional measurements of 
temperature and pressure are not sufficient to determine the refrigerant's quality. 
Temperature and pressure measurements are sufficient measurements for uniquely 
determining the properties of a single-phase flow. So, enough heat is added to the 
calorimeter to vaporize all of the liquid refrigerant. The enthalpy at the exit of the 
calorimeter can then be determined. Since the amount of energy that is put into the 
calorimeter is recorded, the enthalpy at the entrance of the calorimeter is determined with 
a simple energy balance. The refrigerant entering the calorimeter is assumed to be in 
thermal equilibrium because it had just passed through the mixer. 
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Figure 3.3 Energy balance of the calorimeter. 
3.1.4 Data Acquisition Hardware and Software 
The data acquisition hardware includes a Gateway Pentium P5-133 MHz personal 
computer (PC) connected via a standard HP-IB interface to a Hewlett-Packard (HP) 1300A 
B-size VXI Mainframe. The mainframe houses a HP E1326B 5 V2 digit mu/timeter, a HP 
E1345A 16 channel relay multiplexer, a HP E1347 A 16 channel thermocouple relay 
multiplexer, and an HP1353A 16 channel thermocouple FET multiplexer. The multimeter 
and the three multiplexer boards are arranged in a scanning digital multimeter 
configuration. The HP equipment was purchased because it provides 
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1. high measurement accuracy down to the micro-volt range, in particular for 
unamplified thermocouple voltages, 
2. high speed temperature measurements up to 100 K switches per second with the 
FET multiplexer, and 
3. convenient measurement of DC voltage, RMS AC voltage, 2-wire resistance, 4-wire 
resistance, and temperature (thermistors, RTD's, thermocouples). 
All data acquisition programming was done using the HP-VEETM (Visual Engineering 
Environment) version 5 software. HP-VEETM is a general purpose, high level, iconic 
programming environment similar to National Instruments LabView™. The software 
provides features for instrument control, data acquisition, data analysis, and file 
management. 
Besides collecting temperature and pressure measurements, HP-VEE was used to 
calculate quality of the refrigerant entering the calorimeter. Section 3.1.3 gives an 
overview on how the enthalpy at the entrance of the calorimeter is estimated. The 
enthalpy at the entrance is equal to the enthalpy at the exit minus the heat added, or: 
(eq 3.1) 
(eq 3.2) 
(eq 3.3) 
HI is the enthalpy of the saturated liquid. Hg is the enthalpy of the saturated vapor. HI 
and Hg are functions of temperature. While their exact values have no analytical solution, 
a polynomial can be fitted to their curves with a relatively high degree of accuracy. H2 
(the enthalpy of the superheated vapor at the exit of the calorimeter) is function of 
temperature and pressure. It can also be approximated as a polynomial of two variables. 
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A watt transducer measures Qin. Figure 3.4 shows the portion of the HP-VEE program that 
calculates the quality of refrigerant entering the calorimeter. mdot is the mass flow rate of 
the refrigerant. cal power is the heat going into the calorimeter. Hcalout is the enthalpy 
of the refrigerant exiting the calorimeter; previously called H2 • Xcalin is the quality of the 
refrigerant entering the calorimeter; previously called Xl. T1 and P1 are the temperatures 
and pressures of the refrigerant entering the calorimeter. And T2 and P2 are the 
temperatures and pressures of the refrigerant exiting the calorimeter. 
Figure 3.4 Portion of the HP-VEE program used to estimate the quality of the refrigerant 
entering the calorimeter. 
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3.2 Characterization 
The sensor was dynamically characterized. The experiments were designed to 
reveal insights about the sensor's frequency response. Knowledge about the dynamic 
characteristics of the sensor is crucial for designing an adequate controller. 
3.2.1 First Order ModeJ 
In order to study dynamic parameters of a system some sort of model must be 
assumed for the behavior of the system. The behavior of the sensor was assumed to be 
first order in nature. A first order model assumes the system contains a single energy-
storage element. The thermal inertia of the sensor is modeled as this energy-storage 
element. If the instrument contains a single energy-storage element, then a first-order 
derivative of y(t) is required in the differential equation: 
(eq 3.4) 
This equation can be written in terms of the differential operator D as 
(TD + 1)y(t) = Kx(t) (eq 3.5) 
where K = be/ao = static sensitivity, and 't = a/ao = time constant. Exponential functions 
offer solutions to this equation when appropriate constants are chosen. The operational 
transfer function is 
y(D) K 
--=--
xeD) 1+ TD 
(eq 3.6) 
and the frequency domain transfer function is 
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Y(jaJ) 
=---
X(jaJ) 1 + jaJ,[, 
K (eq 3.7) 
In 1978 Simpon et al [30] performed a similar analysis on a hot-wire anemometer. 
They used an electrical model to describe the dynamics. Figure 3.5 shows their first-order 
approximation of their equivalent circuit. Note that the probe does not behave as a simple 
hot-wire resistance, as often represented in the literature. Although the probe has 
negligible electrical capacitance, the thermal capacitance of the probe prongs is not small. 
The time constant for this transient thermal conduction-prong capacitance network for a 
hot-wire probe is on the order of 1 second. 
Figure 3.5 Simpson's first-order approximation of the equivalent circuit. 
3.2.2 Open Loop Time Constant 
Analysis, similar to what Simpson did with his hot-wire anemometer, was 
performed on the RTD sensor. Note from equations 3.6 and 3.7 that only 't (time constant) 
and K (static sensitivity) are needed to fully describe the dynamics of a first order system. 
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To estimate the open loop time constant a constant current was fed through the 
RTD and a time history of the voltage was recorded. A simple experiment was conducted 
that subjected the sensor to a step in the heat transfer medium. The RTD was situated in 
ambient conditions (air at 1 atm and 20° C). The only mode of heat transfer off the surface 
of the RTD was free convection. The ambient environment provided an isothermal heat 
sink. Once the RTD and its circuitry were in steady-state, an abrupt change in the heat 
transfer off the RTD was imposed. The RTD was abruptly pinched so that the skin of a 
person's finger was in complete thermal contact with the filament of the RTD. This 
created an excellent isothermal heat sink. 
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Figure 3.6 voltage across the RTD as a function of time. 
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The details of the response can been seen in figure 3.6. 5,4 volts correspond to the 
voltage across the RTD when it is in ambient conditions with only free convection of air to 
transfer the heat from the surface of the RTD. Once the mode of heat transfer is abruptly 
changed, the voltage exponentially rises to 7.64 volts. This voltage corresponds to the 
voltage across the RTD when it is in thermal contact with human flesh (finger tip). Giving 
a step change to a system is one method of experimentally estimating dynamic 
characteristics of a system. This exponential decay suggests what we have already 
suspected - a first order system. 
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Now that it is confirmed that the RTD sensor can be modeled as a first order 
system, the initial and final voltages need to be known to approximate the time constant. 
The initial voltage was measured to be 5.35 volts and voltage after a long time (relative to 
the time constant) was measured to be 7.64 volts. So, 
(eq 3.8) 
v(O) = K(1- eO) + Vo + Vo = 5.35V (eq 3.9) 
(eq 3.10) 
v(r) = (voo - vo)(l- e-1) + Vo ~ 0.632(7.54 - 5.35) + 5.35 = 6.73 (eq3.11) 
The time that it takes to get to 6.73 volts is the time constant for the RTD sensor. Four 
trials were performed resulting in times of 8.7, 9.2, 9.0, and 9.1 seconds. The open loop 
time constant for the RTD sensor is about 9 seconds. 
Note the almost order of magnitude difference between the time constants of the 
RTD sensor and the time constant of the hot-wire anemometer found by Simpson. This is 
due to the differences in thermal inertia. The hot-wire anemometer is designed for 
minimal thermal inertia for the fastest response possible. The filament is a very thin wire 
supported by two posts. The RTD's platinum filament is intimately bounded to a ceramic 
substrate that retards the thermal dynamics. This will cause a relatively larger time 
constant. 
These characterization experiments were conducted at standard temperature and 
pressure (STP) with the free convection with air being the primary mode of heat transfer. 
Preservation of linearity would not be expected if the sensor was subjected to different 
heat transfer conditions. This means that the time constant might not be the same if the 
sensor was put in a different fluid under different conditions. 
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3.2.3 Closed Loop Time Constant 
Estimating the open loop time constant of the RTD was a good exercise for 
developing a relationship between this RTD and a hot-wire anemometer. Recall from 
section 2.2.2.2 that the RTD will placed in circuitry that uses feedback to actively control 
the dynamics of the sensor. So, the functionality of device (RTD and circuitry) would be 
better described with the closed loop time constant. 
M. R. Davis [8] did research on the dynamic response of constant resistance 
anemometers. He says that the dynamic response of constant resistance anemometer 
systems is related to the thermal equilibrium of the probe during unsteady changes in 
surface cooling and also to the characteristics of the feedback system which supplies the 
heating current. The thermal equilibrium and feedback equations were combined to 
demonstrate their interdependence. It was determined that the corner frequency of the 
hot-wire was directly proportional to the amount of current through the hot-wire. For low-
pass first order systems the corner frequency is the frequency where the response of the 
output becomes dependent on the speed of the input. For inputs slower than the corner 
frequency the output/input relation is not a function of frequency. But, for inputs faster 
than the corner frequency, the output becomes more attenuated as the frequency 
increases. This attenuation of the output is nominally at a rate of 20 dB/decade (decrease 
by a factor of 10 for an increase in frequency by a factor of 10). The corner frequency of a 
first order system is also the reciprocal of its time constant. 
Experiments, similar to those done for estimating the open loop response, were 
performed to estimate the closed loop response. A square wave was injected into the 
offset pin of a TL061 operational amplifier. Recall from section 2.2.2.2 that the op-amp 
provides negative feedback from the balanced bridge. The square wave will give a step 
change to the output of the amplifier. The output should then exponentially recover 
(qualitatively similar to figure 3.6). The time that it takes to recover to 63% of its final 
value is the time constant (see equations 3.8 through 3.11 for derivation). The inputs and 
outputs were monitored on an oscilloscope, and the time constants were visually 
estimated. 
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While conducting the test, it became obvious that the closed loop time constants 
were very slow. The time constants were on the order of several seconds or more. One of 
the reasons feedback is used is to speed up the dynamics of a system. In this case, the 
closed loop time constant is on the same order of magnitude as the open loop time 
constant. As mentioned in section 2.1.2.2 and by Davis, the response speed of a constant 
resistance architecture is a function of its feedback system. The feedback system is a 
function of the performance of the op-amp. Further investigation into the performance of 
the TL061 op-amp reveal a gain-bandwidth product of 1 MHz and low frequency gain of 
about 6,000. Op-amps are made with significantly greater specifications. An op-amp 
with a greater gain-bandwidth product would speed up the response time for the closed 
loop system. 
The TL061 was replaced with an OP-37. An OP-37 operational amplifier has a 
gain-bandwidth product of almost 1 OOMHz and a low frequency gain of over 106• With 
the RTD in open air with only free convection the recorded time constants were 4, 10, 25, 
and 20 milliseconds for the four trials conducted. That is an average of about 15 
milliseconds for the compensated (closed-loop) time constant. Similar tests were 
conducted with the RTD in still R-22 at approximately STP. The time constant was 22 
milliseconds. Other tests were conducted with the RTD in still R-22, but the pressure of 
the R-22 was 900kPa (about 9 atmospheres). The time constant was 16 milliseconds. 
When similar tests were attempted in moving refrigerant, the turbulent nature of the 
refrigerant flow were so chaotic that a valid measurement could not be estimated. To 
overcome this problem a dynamic signal analyzer (DSA) was used to directly obtain the 
frequency response. The DSA injects random (but known) noise into the system, and 
measures how the system responds. The noise is injected into the same pin of the op-amp 
as used previously. The ratio of the output to the input over a range of frequencies 
characterizes the system. The results ofthree operating conditions are shown in figure 
3.7. 
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Figure 3.7 transfer function-frequency response for three distinct operating 
conditions (from top to bottom): two-phase flow, superheated vapor (single 
phase) flow, and still refrigerant. 
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The frequency responses shown in figure 3.7 reveal that the first order 
approximation of the system is a relatively adequate approximation. The phase of the 
system as a function of frequency is not shown here, but it can be assumed to follow first 
order trends. The sensor has a bandwidth of greater than 400 Hz for the single-phase flow 
and in still refrigerant, and the bandwidth is greater than 100 Hz for two-phase flow. 
Previously for pressurized still refrigerant, it was estimated that the time constant 
was 16 milliseconds, which would give a corner frequency of 63 Hz. But the results from 
the DSA suggest that that the corner frequency of about 400 Hz. These inconsistencies 
demonstrate the inaccuracies of a first order model and the difficulties in developing an 
accurate model. While the first-order linear model may not be a perfect model, its 
approximation is still valid for this analysis. Also, the fact that every set of conditions that 
the RTD was subjected to resulted in a different time constant is an indication that the 
system is nonlinear. 
3.2.4 Closed Loop Frequency Response 
The data in figure 3.7 represents the frequency dependent transfer function of the 
closed loop (constant temperature) sensor. See equations 3.6 and 3.7 for mathematical 
representations of a first order transfer function. The transfer function reveals how well the 
output can duplicate the input signal. A magnitude of 0 dB says that the magnitude of the 
signal at the input is the exact same magnitude of the signal at the output. If the 
magnitude is below 0 dB, then the sensor is responsible for attenuating the signal at the 
input. 
Once the dynamic limitations of the sensor were established, the frequency 
response of the sensor under various conditions was studied. Since the sensor will be 
primarily used in refrigerant composed of both vapor and liquid, only those conditions 
were used when taking frequency response data. Collecting the data for the frequency 
was very similar to collecting the data for the transfer function (figure 3.7). A DSA was 
hooked up to the output of the sensor. Data was collected from the output of the sensor, 
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and the signal was decomposed into its contributions at each frequency (power spectrum). 
No random input was given to the circuitry. 
The data in figure 3.7 tells us the frequency response of the sensor (How the 
dynamics of the sensor and circuitry affect the overall dynamics.). But the power 
spectrum of the signal coming from the output of the sensor reveals the frequency content 
of the signal after it has been subjected to the "transfer function" of the RTD sensor. So, 
the frequency content of the signal from the RTD (power spectrum) is dependent on the 
transfer function of the RTD sensor. For example, note in figure 3.7 that the magnitude of 
a signal coming into the RTD sensor becomes very attenuated after 10,000 Hz. Then, it 
would be expected that the power spectrum of a signal at the output of the RTD sensor 
would have very little frequency content higher than 10,000 Hz. 
Power spectrum data was taken for eleven separate trials. Each trial had variations 
in the LMF of refrigerant pass over the RTD and variations in the nominal voltage of the 
RTD. The nominal voltage is essentially the average voltage across the RTD. The data 
from all eleven trials can be found in appendix A and is summarized in table 3.1. 
Table 3.1 Summary of graphs in appendix A. 
Figure LMF nominal voltage (V) 
Al 0.104 6.1 
A2 0.077 5.7 
A3 0.077 8.7 
A4 0.070 5.7 
AS 0.033 4.9 
A6 0.033 7.7 
A7 0.033 10.2 
A8 0.028 7.8 
A9 0.018 6.9 
Ala 0.000 < LMF < 0.010 6.8 
All 0.000 < LMF < 0.010 8.7 
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3.3 Estimation of LMF 
In order for the sensor to be useful some relationship between refrigerant LMF, 
overheat (temperature difference), and power dissipated through the sensor needs to be 
developed. LMF is determined from the enthalpy of the refrigerant entering the 
calorimeter. Overheat is the difference between the temperature of the RTD and the 
temperature of the refrigerant. The power dissipated through the RTD is determined by 
the square of the RTO's voltage drop divided by its resistance 
3.3.1 Experimental Procedure 
The loop described in section 3.1 was used to run the experiments. In principle the 
experiments were straightforward. The loop was run under various operating conditions 
that yielded a non-zero LMF of refrigerant exiting the evaporator. The LMF of the 
refrigerant passing over the sensor was assumed to be equal to the LMF of the refrigerant 
entering the calorimeter. The power dissipated through the sensor was estimated as the 
square of the voltage across the sensor divided by its resistance. The temperature of the 
sensor is known because its resistance is known, and the temperature of the free-stream 
refrigerant is measured with a thermocouple. The difference between the temperature of 
the sensor and the temperature of the free-stream refrigerant is an estimate of the overheat. 
During operation of the loop the LMF, power dissipated via the sensor, and 
overheat are measured and recorded using the data acquisition system described in 
section 3.1.3. These parameters will initially be assumed independent with respect to 
each other. Then correlations will be formed to approximate the interdependence of the 
variables. These correlation(s) will be used to describe how the overheat and the power 
dissipated through the sensor can be used to predict the LMF of refrigerant passing over 
the sensor. 
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3.3.2 Data Collected 
Data was primarily collected during operating conditions under which the RTD 
sensor would most likely be operating. Table 3.2 shows all the data collected with a 
refrigerant mass flow rate of approximately 50 glsec. The voltage refers to the voltage 
across the RTD sensor, and Rsensor is the resistance of the RTD (which also infers the 
temperature). 
3.3.3 Relationships among the Parameters 
The data was collected in hopes of developing some relationship the parameters. 
During the developmental stages of the experiments there was no accurate model to 
describe the relationships among the parameters. Once the data was collected, statistical 
correlations were established, then a model was developed to incorporate those 
correlations. 
3.3.3.1 RMS 
The root-mean-square (RMS) is a mathematical way to characterize the variance of 
a waveform. It represents the average value of the square of the signal over the measured 
time period. The RMS value of any continuous analog variable y(t) over the time, t2 - t" is 
expressed as 
1 (2 2 
Y RMS = -- J. y dt 
t2 -t1 [ 
(eq 3.12) 
Early in the development of a control scheme to regulate the LMF of refrigerant 
exiting the evaporator, it was thought that the RMS value of the signal coming from the 
RTD sensor would be an indication of the LMF of the refrigerant. The reasoning was as 
follows. During superheated vapor flow the signal from the RTD sensor would be fairly 
constant because the refrigerant hitting the RTD sensor is single phase. As the first droplets 
hit the sensor, the RMS signal would be expected to become significant because every 
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time a droplet hits the RTD sensor, the sensor has to deliver more power to its surface to 
vaporize the droplet. As more and more droplets hit the sensor, the RMS signal would 
increase until the RTD sensor would become unable to deliver enough power to vaporize 
all the liquid on the sensor. 
Table 3.2 All trials taken with a refrigerant mass flow rate of 50 glsec. 
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102.0 
103.8 
103.3 
.1 
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103.8 
1.11 
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102.00 
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0.353 
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0.07 
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0.027 
0.01 
0,01 
0.058 
0.221 
0.001 
In order to test this theory the data acquisition system also collected RMS data from 
the RTD sensor. Figure 3.8 shows the RMS of the voltage signal from the RTO sensor for 
various LMFs. The plot shows that the RMS of the voltage signal from the RTD sensor is 
not dependent on the LMF of the refrigerant. 
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Figure 3.8 The RMS of the voltage signal from the RTO sensor as a function of the 
LMF of the refrif{erant. 
3.3.3.2 Constant Power 
Recall that the purpose of these experiments was to develop some relationship 
between overheat, power through the sensor, and LMF of refrigerant. One of the most 
effective procedures for developing relationships between parameters is to simply plot 
them on independent axis, and make visual observations. Many times these visual 
observations quickly reveal the interdependence of the variables. Computer graphics 
have made it easier to visualize three independent dimensions on a single graph by 
artificially creating the illusion of 3-D objects projected onto a 2-D plane (computer 
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monitor or paper). But it is still much easier to see trends in 2-D. In order to analyze 
only two of the three parameters at a time one of the parameters must be held constant as 
the other two change. Then the data can be plotted in two dimensions. 
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Figure 3.9 Overheat vs. LMF for constant sensor power dissipation 
Figure 3.9 shows overheat as a function of the LMF ofthe refrigerant while the 
power dissipated through the sensor is held constant. Two important conclusions can be 
inferred from figure 3.9. First, for a constant amount of power dissipated through the RTD, 
as the LMF increases, the overheat decreases. Second, for a given refrigerant LMF, if the 
power dissipated through the sensor is increased, then the overheat must be increased. 
Both of these conclusions can be explained from the same phenomenon as follows. 
Suppose the overheat represents the heat transfer driving potential. (Recall that the 
overheat is the difference between the temperature at the surface of the RTD sensor and 
the temperature of the free-stream refrigerant.) As the temperature difference between any 
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two points increases, the potential for heat transfer between those two points also 
increases. But, increasing the amount of liquid refrigerant in the stream (increase in LMF) 
also increases the potential for heat transfer, because liquid refrigerant can absorb heat 
much better than vapor refrigerant. These are competing effects when the power 
dissipated through the RTD (the amount of heat transfer) is held constant. As a result of 
this logic, the overheat and LMF of refrigerant have a negative correlation. 
By similar logic it can be shown that for a given LMF, if the power dissipated is 
increased, then the overheat must increase. Without the LMF affecting the heat transfer 
rate the only way that the amount of heat transferred (power dissipated) can increase is to 
increase the overheat (driving potential for heat transfer). 
3.3.3.3 Constant LMF 
Experiments were conducted that would demonstrate the dependence of sensor 
power and overheat while the LMF was held constant. Figure 3.10 shows the results of 
such experiments. A linear least-squares line was fit to each set of data. The graph shows 
four different trials, where each trial has a unique LMF. While the lines do not perfectly fit 
each data set, they offer some insight to the qualitative behavior of the parameters. Also, 
the equation of each line is explicitly stated on the plot. 
Stretching the linear interpretation of the data farther, it could be said that the data 
agrees with the convection heat transfer model that takes the form: 
q = h . A . (1', - T'cfJ (eq.3.13) 
Ts is the fixed temperature at the surface of the RTD. Too is the temperature of the free-
stream refrigerant passing over the sensor. The power dissipated can be modeled as the 
energy transfer q. The overheat in the system is analogous to (Ts - Too). And the slope of 
the line represents hA. hA is the product of the convection heat transfer coefficient and 
the effective surface area. 
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figure 3.10 power dissipated through the sensor as a function of overheat while LMF 
was held constant for each trial. 
While this is the first time that this model has been formally stated, it has been 
alluded to in the previous section and throughout this document. Note that as the LMF 
decreases, the slope of its fit line also decreases. While neither the overheat nor the 
power by themselves are able to predict the LMF, the ratio of the power dissipated through 
the RTO to the overheat does seem to give an indication of the LMF. 
3.3.3.4 Surface-to-Free-Stream Thermal Conductance (hA) 
While equation 3.13 may seem like a valid model for the data, it does not totally 
describe what is happening at the surface of the RTD sensor. Recall that the RTD sensor 
has both liquid and vapor hitting its surface. These two different states of refrigerant 
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remove heat from the transducer in very different ways. Perhaps a more accurate variation 
of equation 3.13 would be: 
(eq3.14) 
Shannon et al initially proposed this equation [29]. hv is the convective heat transfer 
coefficient between the sensor and vapor. Av is the effective surface area between the 
sensor and the vapor refrigerant. Ts is the temperature at the surface of the RTD. Tmean is 
the average temperature of the free stream. mevap is the liquid mass evaporation rate. And 
h,v is the latent heat from liquid to vapor. 
The heat transferred to the vapor is used to heat up the vapor, and the heat 
transferred to the saturated liquid is used to vaporize the liquid. While the different phases 
of refrigerant use the heat differently, the mode of heat transfer to each of the phases is 
fundamentally similar. Using this information, equation 3.14 can be restated: 
(eq 3.15) 
hi and A, are the convective heat transfer coefficient and effective surface area for the 
sensor/liquid interface. T sat is the saturation temperature for the refrigerant. 
Recall that the object of this project was to design a simple and robust control 
system capable of regulating the LMF of refrigerant exiting the evaporator. The purpose of 
designing this RTD sensor is to create a device that is able to qualitatively estimate the 
relative LMF of refrigerant passing over it. In order to make the control system as simple 
as possible it would be beneficial if a single feedback signal was fed into the controller. 
This signal would be derived from measurements taken from the RTD sensor. Section 
3.3.3.3 showed that the slopes of the lines in figure 3.10 gave an indication of the 
refrigerant's LMF. As previously stated, this slope represents the ratio of the power 
dissipated through the sensor to the overheat. This ratio will be defined as the "surface-to-
free-stream thermal conductance", and its formal definition will take the form: 
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hA = power _ dissipated _ through _ RTD 
T -T sensor mean 
(eq3.16) 
The power dissipated through the RTD and temperature of the sensor are quantities 
that can be measured quite accurately. It is not as easy to get an accurate measurement for 
the average temperature of the refrigerant stream. T mean is measured by a thermocouple 
that is immediately up stream from the RTD sensor. 
Once it was established that hA could be used as a measure of LMF, the next task 
was to develop a relationship between LMF and hA. Figure 3.11 shows the results of an 
experiment where the RTD sensor was subjected to various LMFs. LMF was measured by 
using a calorimeter in the method described earlier. 
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Figure 3.11 The surface-to-free-stream thermal conductance as an estimate of LMF. 
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As LMF increases more and more liquid droplets hit the sensor. This demands 
more power to be dissipated through the sensor in order for the sensor to maintain its 
constant temperature. At the same time the temperature of the refrigerant is becoming 
closer to being fixed at its saturation temperature. So the ratio of the dissipated power to 
the overheat (hA) increases as LMF increases. This theory is supported by the data shown 
in figure 3.11. 
The hA defined in this document does not refer to the h.Avor h,A, in equation 3.15. 
Nor will it be defined analytically as a function of h.Av or h,A,. hA is defined only as 
stated in equation 3.16. The objectives of this project do not encompass deriving an 
analytical solution for hA. 
3.3.3.5 Mass Flow Rate Effects 
All of the data presented so far have a consistent mass flow rate. The next set of 
experiments was conducted to investigate the effects of varying the mass of the refrigerant. 
All previous trials had a refrigerant mass flow rate of approximately 50 g/sec. The 
experiments presented in this section had a refrigerant mass flow rate of approximately 25 
g/sec. The results of the experiments are summarized in table 3.3. 
The data can also be presented as it was in figure 3.11. Figure 3.12 shows hA as a 
function of LMF for two different mass flow rates. The plot shows that lower mass flow 
rate will yield a lower hA for the same LMF. This is expected because for the same LMF, 
there will be less droplets hitting the sensor. Less droplets hitting the sensor mean a lower 
hA. 
What was not expected is the shallower slope of the fit line. The explanation of 
this phenomenon relates to limitations of the experimental facility. Recall that the RTD 
sensor is in a section of the loop that is glass. The glass allows observation of the flow 
patterns around the RTD sensor. During the course of the experiments it was observed that 
the flow became stratified, and much of the refrigerant flowed beneath the sensor. For the 
previous experiments with refrigerant mass flow rates of 50 g/sec the flow was well 
distributed across the cross-section of the pipe, so the RTD sensor was subjected to a 
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representative sample of the refrigerant flow composition. But, with lower mass flow rates 
the sensor did not get a representative sample of the refrigerant flow composition because 
most of the liquid was at the bottom of the pipe. As a result, the sensor lost sensitivity. 
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Table 3.3 Data collected with low mass flow rate. 
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The important conclusion drawn from these experiments is that the RTD sensor 
must be in a flow pattern that is representative of the composition of the entire cross-
sectional flow. One possible fix for the problem is to place the sensor closer to the exit of 
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Figure 3.12 hA as a function of LMF for two different refrigerant mass flow rates. 
the evaporator. Usually refrigerant exiting the evaporator is turbulent and well mixed. As 
the refrigerant travels along a long horizontal tube, the liquid refrigerant falls to the bottom 
of the pipe. Another possible fix is to place the sensor in a vertical section of pipe. In this 
geometry the liquid has no preference across the cross-section ofthe pipe. 
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3.3.3.6 Significance of Results 
The experiments and data presented in the previous sections demonstrate that the 
RTD sensor could be used as the feedback sensor in a controller able to control the LMF 
of refrigerant exiting an evaporator. This is because the sensor is capable of estimating the 
LMF of refrigerant. 
hA was defined so that it is simple to calculate from measurable parameters, and it 
is a measure of LMF. The important conclusion drawn from these sets of data is that hA is 
dependent on LMF. The exact relationship between hA and LMF is not important for the 
purposes of this project. What is important is that the RTD sensor can be empirically 
calibrated to estimate state parameters of the refrigeration loop. For example, if the RTD 
sensor is calibrated to system COP (coefficient of performance), then a controller can be 
designed to regulate the refrigeration loop at its maximum COP. 
3.4 Precautions 
The data presented along with the discussion presented in this paper demonstrate 
the ability of this sensor to predict the LMF of refrigerant for that set of unique operating 
conditions. The data presented in this document is specific to the facUities and conditions 
described in this paper. Not enough data has been taken to generalize the sensor's 
behavior. The sensor's behavior can significantly change if it is used in another system. 
Parameters such as sensor orientation, distance to the evaporator, refrigerant type, pipe 
cross-section, and evaporator type, all of which were held relatively constant for each set 
of experiments, would create inconsistent results. All of these parameters mentioned 
would change the heat transfer dynamics between the refrigerant and the RTD. Recall that 
hA is intimately related to the heat transfer dynamics between the refrigerant and the RTD. 
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CHAPTER IV 
THE SENSOR'S PREDICTION OF SYSTEM PERFORMANCE 
Chapter 3 provided some analysis that demonstrated the RTD sensor's ability to 
give qualitative assessments of the LMF of refrigerant. While that is an interesting finding 
on its own, the scope of this project does not include developing a sensor for quantitative 
measurements of LMF. What this project is concerned with is developing a sensor that 
can predict how a system is performing. This can be accomplished by exploiting the fact 
that the LMF of refrigerant exiting the evaporator is an indicator of certain system 
performance characteristics. This chapter deals with calibrating the sensor's output with 
various system performance characteristics. 
4.1 Experimental Facilities 
A versatile mobile air conditioning (MAC) experimental facility capable of testing 
alc systems under transient and steady-state operation was utilized in the investigations 
described in this document. Collins [6], Rubio-Quero [25] and Weston [47] present 
detailed test facility descriptions and construction information. While most of the test 
facility was constructed before the beginning of this project, some modifications had to be 
made. 
4.1.1 Existing Facilities 
The evaporator and condenser are housed in separate air loops. The blower in the 
evaporator air loop is capable of producing volumetric flow rates equal to that of a 
passenger compartment fan. The blower in the condenser air loop is capable of 
producing a high volumetric flow rate to replicate the radiator fan and ram-air effect 
associated with vehicle motion. The refrigerant loop contains factory standard automotive 
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Condenser Plenum 
Figure 4.1 The mobile air conditioning test facility 
air conditioning components for a 1994 Ford Crown Victoria. Figure 4.1 illustrates a 
schematic of the test facility. The letters T, P, and RH found in Figure 4.1 represent 
instrumentation for temperature, pressure, and relative humidity measurement, 
respectively. 
4.1.1.1 Evaporator Loop 
Operating parameters for the evaporator air loop that can be controlled include 
(j) evaporator air flow rate, (ii) evaporator air inlet temperature, and (iii) evaporator air inlet 
humidity. Variable blower speed is achieved by sending a signal from the environmental 
controller to a variable frequency drive. 
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A 7-kW duct heater is located in the air loop immediately down stream of the 
evaporator. The heater is coupled to a proportional-integral-derivative (PID) controller. 
Using the heater and controller, the evaporator air inlet temperature can be controlled to 
an accu racy of 1 OF. 
A humidity addition system developed by Whitchurch [48] is capable of producing 
evaporator air inlet humidity ratios from ambient to 99 % depending on desired air 
temperature. The humidity addition system is controlled through the use of PID 
controllers. 
The evaporator air loop contains instrumentation to measure the (i) air inlet 
temperature, (ij) air outlet temperature, (iii) inlet relative humidity, (iv) outlet relative 
humidity, and (v) air flow rate. The evaporator air inlet temperature is measured using a 
grid of nine Type-T thermocouples wired in parallel. Parallel wiring results in a 
thermocouple voltage equal to the average of the nine individual thermocouples. The 
evaporator outlet temperature is measured using a grid of 48 Type-T thermocouples wired 
in parallel. The inlet and outlet relative humidity are measured using Vaisala HMP35A 
humidity probes upstream and downstream of the evaporator. The air flow rate is 
calculated from the evaporator flow tube temperature, static pressure, and differential 
pressure measurements. 
4.1.1.2 Refrigerant Loop 
The test facility replicates the performance of a 1994 Ford Crown Victoria 
automotive alc system. The refrigerant currently used in the automotive alc systems is 
R134a. The compressor lubricant in circulation with the R134a is a polyalkylene glycol 
(PAG) oil. Table 2.2 describes the 1994 Crown Victoria refrigeration components used in 
the test facility. For investigations described in this document, an electronic expansion 
valve (EEV) was installed in parallel to the existing orifice-tube fixed-expansion device and 
is further discussed in Section 4.1.1.3. 
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Table 4.1 Test facility refrigeration components 
Component Model Description 
Compressor Ford FS-l 0 Reciprocating swashplate 
Condenser Ford 19712 Tube-fin heat exchanger 
Evaporator Ford 19A559 Plate-fin heat exchanger 
Accumulator Ford 19C836 J-tube with desiccant 
The refrigerant loop is instrumented to obtain data for refrigerant temperatures, 
pressures, mass flow rates, and oil concentration. Compressor RPM and torque are also 
measured. Refrigerant temperature measurements are taken using Omega Type-T 
thermocouples (Model No. TMQSS-062U-3) at (i) the compressor outlet, (ii) the condenser 
inlet, (iii) the condenser outlet, (iv) the liquid line venturi flow tube, (v) the evaporator 
inlet, and (vi) the compressor inlet. 
Static pressure is measured at (i) the compressor outlet, (ii) the condenser outlet, (iii) 
the liquid-line venturi flow tube, (iv) the evaporator outlet, and (v) the condenser outlet. 
Differential pressures are measured across the compressor discharge venturi flow tube, 
condenser, liquid-line venturi flow tube, and the evaporator. 
Refrigerant mass flow rates are calculated using data from the discharge and liquid 
line flow tube venturis. Additionally, a Micromotion™ Coriolis flow meter is installed in 
the refrigerant line immediately upstream of the liquid line flow venturi. Refrigerant flow 
rates based on the Micromotion™ and liquid line flow venturi have good agreement over 
a wide range of operating conditions. Flow rate data presented in this document are 
based on the Micromotion™ flow meter. 
4.1.1.3 Electronic Expansion Valve 
A Sporlan SEI2 stepper-motor-driven electronic expansion valve (EEV) was installed 
in the test stand refrigerant line. The EEV has a two-ton nominal capacity. The valve has 
an operating stroke of 0.125 in. and 1532 steps of control. The slew rate is 200 steps per 
second. The valve was sized based on the evaporator capacity, evaporating temperature, 
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liquid-line refrigerant temperature, and valve pressure drop. Sporlan Bulletin 100-20 
contains the proper Sporlan electronic valve sizing charts. For refrigerant removal during 
valve replacement and maintenance, a Shrader valve was installed downstream of the 
EEV. 
The EEV is controlled by a 4-20 mA current source. Signals of 4 mA and 20 mA 
correspond to valve openings of 0.0 % and 100 % respectively. The Sporlan Universal 
Electronic Interface Board (UEIB) generates the valve stepper motor control signal. The 
UEIB requires a 24 VAC power source. Therefore, a 120 VAC, 60hz source is stepped 
down to the required 24 VAC by a Magnetek F-212Z transformer. Sporlan Bulletin 100-
50 contains the detailed specifications of the UEIB. 
4.1.2 Data Acquisition System 
A Hewlett-Packard data acquisition system (DAS) 1300A VXI mainframe is utilized. 
The system contains a HP E13226B 5-1/2 digit scanning multimeter and three HP 1395 A 
relay multiplexers. The user interface and file management are maintained through the 
use of a personal computer executing HP- VEE software. 
While much of the data acquisition hardware and software was in place prior to 
this project, some modifications had to be made. Some of the more notable modifications 
are described in the following sections. 
4.1 .2.1 Power in from Motor 
A variable speed motor drives the compressor. The power delivered through the 
shaft from the motor to the compressor represents the power used by the compressor. A 
Lebow Model No. 1805-2K-04 sensor is used to sense the speed N jack [rpm] and the torque 
'tjack [in-Ibf] of the jackshaft of the compressor. See Weston [47] for more details. The 
Lebow device uses a magnetic pickup sensor to sense Njack' A Daytronic Model No. 
3240A frequency conditioner converts the Lebow speed sensor output to a 0-5 VDC signal 
which is linearly proportional to Njack over a range of 0-1 0,000 rpm with a constant of 
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proportionality of 2000 (N jack = 2000Eo, where Eo [VDC] is the output voltage of the 
Daytronic 3240A.). The frequency conditioner output is accurate to +/- 2 rpm. 
Next, the Lebow device uses a rotary-transformer strain gage bridge to sense 'tjack • A 
Daytronic Model No. 3278 strain gage conditioner provides the input excitation to the 
bridge and converts the output to a 0-5 VDC signal with is linearly proportional to'tjack 
over a range of 0-2000 in.-Ibf• A Lebow Model No. 7927 precision shunt calibration 
reference is wired between the torque sensor and the Daytronic 3728 device. The shunt 
creates a simulated torque sensor output of 1150 in.-Ibf against which the strain gage 
conditioner is calibrated. 'tjack is 400 times Eo, where Eo [VDC] is the output voltage of the 
Daytronic 3278. The product of'tjack and N jack are a measure of the power delivered along 
the jackshaft and delivered to the compressor. 
4.1.2.2 Capacity 
The capacity of the system as a function of the RTD sensor output is something 
that was determined. But first a reliable method of measuring system capacity was 
developed. The capacity essentially describes how much "cooling power" the evaporator 
is able to provide. 
The most practical method of measuring capacity is form air-side heat transfer 
measurements. Refrigerant-side capacity measurements are not practical in this situation 
because the system will be run with two-phase refrigerant flow at the exit of the 
evaporator, and there is no means of measuring quality. Basically, air-side measurement 
determines the enthalpy of the fluid entering the evaporator and enthalpy of the fluid 
exiting the evaporator. The difference of the two enthalpies is assumed to be the amount 
of energy absorbed by the evaporator, and thus the capacity. The DA5 system is already 
equipped for measuring the volumetric flow rate and the relative humidity of fluid exiting 
and entering the evaporator (see Weston [47] for volumetric flow rate measurements and 
see Whitchurch [48] for relative humidity measurements.) Equations were borrowed from 
Weston [47] and Rubio-Quero [27] to calculate specific humidity, mass flow rate of dry 
air, mass flow rate of water vapor, enthalpy of air, and enthalpy of water vapor. So, from 
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temperature, pressure, specific humidity, and volumetric flow measurements of the fluid 
entering the evaporator and exiting the evaporator the capacity could be calculated. 
4.1.2.3 Coefficient of Performance (COP) 
Once the capacity of the evaporator and the power into the compressor is 
determined, the COP is quite trivial to compute. The COP of the system is defined as the 
capacity of the evaporator divided by the power into the compressor. 
4.1.2.4 Measurements from the RTD sensor 
The resistance of the RTD would be difficult to measure in real-time by the DA5. 
So, anytime the HP VEE program is started, the software prompts the user for the 
temperature of the constant temperature RTD sensor. The temperature of the RTD sensor 
is equal to Rset (see figure 2.3 in section 2.2.2.2). Rset represents the resistance of a resistor 
that is placed in the circuit by the operator. The resistor can take any value provided it 
does not cause the circuitry to saturate. The exact resistance of the resistor must be known 
and the temperature that corresponds to that resistance (see section 2.2.2.1) must be 
entered into the HP VEE software. 
Once the temperature of the RTD sensor is known by the DA5 software, only the 
temperature of the free-stream refrigerant needs to be known in order to compute the 
overheat. The DA5 has been set up to take this measurement. A thermocouple at the exit 
of the evaporator and immediately upstream from the RTD sensor records the temperature 
that will be used as the free-stream temperature. Recall that the overheat was defined as 
the difference between the temperature of the RTD and the free-stream. 
Another channel of the HP multiplexer was set up to measure the voltage across the 
RTD. The power dissipated through the RTD is calculated as the square of that voltage 
divided by the resistance of the RTD. 
Of course measurement of the hA parameter must be taken. This is the parameter 
that was eventually calibrated to the system performance characteristics. hA was 
calculated ~s the power dissipated through the RTD divided by the overheat. 
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4.2 Using the MAC Lab 
The mobile air conditioning (MAC) lab located in room 115K of the Mechanical 
Engineering Laboratory was used to calibrate the RTD sensor to various performance 
characteristics of a vapor-compression air conditioning system. The MAC lab was used 
because it was a well designed system, and it was available and equipped to perform the 
experiments that were needed. 
4.2.1 Advantages 
The core of the MAC lab was built by Pete Weston [47] in the mid 1990's. The 
facility was designed and built well. The intention of the design was to simulate a mobile 
air conditioning system, similar to one found in an automobile, as well as possible. All of 
the fundamental components (compressor, condenser, expansion devices, and evaporator) 
came directly from an automotive system. This is very advantageous from an 
experimental point of view. Results obtained from experiments with this facility are much 
more creditable than results from a system without these production components. 
Another major advantage of this facility is the fact that it is very well instrumented. 
There are temperature and pressure transducers at every relevant point in the loop. The 
temperature and pressure of refrigerant and air is known going into and out of every 
component. This is very important for the experiments that needed to be run for this 
project because the performance of the NC system needs to be measured as a function of 
the RTD sensor's output. 
The MAC was over designed to be robust. This allows the facility to operate over a 
wide range of conditions. The test facility can duplicate almost any condition that would 
be seen in an actual automotive system, plus it can operate outside the capabilities of a 
typical MAC system. This allows the experiments to simulate actual operating conditions. 
60 
4.2.2 Disadvantages 
One of the major disadvantages of the MAC is that it has no means of measuring 
refrigerant quality. In the experiments presented in chapter 3 the test facility was able to 
'calibrate' the RTD sensor with a LMF of refrigerant. It was beneficial to see how the 
sensor responded to various LMFs in those sets of experiments. But those experiments 
were specifically designed to explore the behavior of the sensor in a stream of refrigerant. 
Once it was established that the sensor was able to detect relative LMFs of refrigerant, the 
quantitative value of the LMF was no longer relevant. Recall that the purpose of the 
experiments in this chapter is to calibrate the output of the LMF sensor to various system 
performance characteristics and not to the actual LMF of refrigerant passing over it. 
Another disadvantage to using the MAC is the fact that the capacity measurements 
are based on air-side enthalpies. Air-side capacity measurement is one of the less reliable 
methods of determining capacity because temperature, pressure, and flow rate 
measurements in high speed air are not as reliable as the same measurements taken in 
slower moving liquid. 
4.3 Experiments 
The following data was collected to demonstrate the sensor's ability to estimate 
certain system parameters. The test facility was subjected to various operating conditions 
typical of automotive air conditioners under heavy thermal load. Air-side inlet conditions 
to both the evaporator and condenser were held constant. These experiments will address 
the following questions: 
1. At what operating conditions do we want to run our system? (What are the "good" 
operating regimes?) 
2. Can this RTD sensor detect when the system is in these "good" regimes? 
3. How does the RTD sensor quantitatively respond in these "good" regimes? (What is 
the sensor's output?) 
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4.3.1 Procedure 
While the air-side inlet conditions were constant, the refrigerant-side inlet 
conditions into the evaporator were throttled with a Sporlan SEI2 stepper-motor-driven 
electronic expansion valve (EEV). For each data point the opening of the EEV was set, then 
the system was allowed to settle to a steady-state value before the data was recorded. 
Once the data was collected, only the opening of the EEV was changed before the next 
data point was collected. That procedure was done for six unique operating conditions. 
4.3.2 Data 
All of the data obtained from the experiments can be found in Appendix B. The six 
unique operating conditions are summarized in table 4.2. The volumetric air flow rate 
over the evaporator, the temperature of air into the evaporator, and the relative humidity 
of the air into the evaporator represent the thermal load placed on the evaporator for each 
of the operating conditions. The possible variations of the test matrix were too numerous 
to attempt to cover all operating ranges. Instead, a few typical operating conditions were 
chosen. 
Table 4.2 Summary of test conditions 
test volumetric air temperature relative humidity compressor figures 
conditions flow rate over of air into of air into speed [rpm] 
set number evaporatorJcfm] evaporator [F] evaporator 1%] 
1 193 90 43 1375 B.1, B.2 
2 286 84 31 1075 B.3, B.4 
3 287 84 67 1930 B.5, B.6 
4 227 80 48.5 1700 B.7, B.8 
5 226 84 68 1700 B.9,8.10 
6 227 83 48.5 1100 B.11, B.12 
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Figure 4.2 shows how the surface-to-free-stream thermal conductance (hA) and 
degree of superheat varies with the opening of the EEV. Superheat is defined here as the 
difference between the temperature of the refrigerant and its saturation temperature for its 
pressure. When the valve is relatively closed (16%), there is significant superheat. hA is 
not affected much by the degree of superheat. That is because there was an insignificant 
change in refrigerant vapor velocity to affect convection on the sensor surface. Once 
liquid droplets appear, the sensor must dissipate more power to compensate for the 
additional latent heat. 
Saturated liquid droplets appear in superheated vapor at around 12 OF superheat. 
At this point opening the EEV will allow more liquid to pass over the sensor, thus 
increasing hA. The gray areas in figures 4.2 and 4.3 represent a regime of thermal non-
equilibrium. In this regime the refrigerant is non-homogeneous, and its composition can 
neither be uniquely described as superheated vapor or true two-phase (traditional quality 
measurement). Left of the gray area is superheated vapor, and to the right of the gray area 
is true two-phase (saturated) refrigerant. 
Opening the valve even further brings the refrigerant into a regime of saturated 
liquid/vapor (true quality). These are the conditions under which this sensor can 
effectively operate and traditional temperature sensors cannot. Increasing the opening of 
the EEV even further will saturate the sensor at some quality. The actual heat transfer 
coefficient of the fluid probably does not actually maintain a constant value for increasing 
quality. The apparent leveling off is probably saturation of the sensor. Too much liquid is 
impinging the sensor. The sensor is not able to provide enough power to vaporize the 
liquid. 
It is apparent from figure 4.2 that the range of sensitivity of this sensor is in the low 
LMF region and high quality. This would be the range of operation where the sensor 
wou Id be most usefu I. 
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Figure 4.3 plots superheat, evaporator capacity, and COP as a function of hA. The 
gray area in this figure represents the same parameter space as the gray area in figure 4.2. 
The apparent larger area in figure 4.3 demonstrates the sensor's sensitivity in that regime. 
This can be verified by the steep slope in the middle plot of figure 4.2 (hA as a function of 
EEVopening). The steep slope shows that for a small change in the EEV opening, there is 
a relatively large change in hA. 
Figure 4.3 demonstrates the sensor's ability to predict system performance. COP is 
relatively flat over regions of high superheat (low hA). It does not significantly drop off 
until well into the two-phase region (no superheat and high hA). According to this data, 
the capacity peaks out somewhere around 0.09 Watts;oc. This is the region where the 
system has its maximum cooling power for the set of operation conditions. This region 
corresponds to little to no superheat. 
Capacity measurements are taken from the difference in enthalpies between the air 
going into the evaporator and the air coming out. Volumetric flow rates are measured 
using a venturi on the air loop on the evaporator side. Relative humidity and temperature 
measurements are taken for the air going in and coming out of the evaporator. 
4.3.3 Discussion 
The primary objective of this study was to construct and characterize a sensor that 
could be used in a control scheme with feedback that would improve the effectiveness of 
an air conditioning system. When operating an air conditioner under a high thermal load, 
the control objective might be to maximize capacity. For automotive applications this 
would mean minimizing pull-down time by getting the most cooling power for a given 
evaporator. According to the data presented in figure 4.3, this would correspond to an hA 
of about 0.09 Watts/DC. This condition also corresponds to very little or no superheat. By 
using the sensor presented in this document a controller can be constructed to regulate the 
system at this condition. 
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The same system cannot use the traditional estimate of temperature difference 
across the evaporator to maintain the condition of maximum capacity (as shown in figure 
4.3). This scheme will have little or no control signal. The temperature measurement 
used in the feedback loop also has significant Gaussian noise. These are some of the 
reasons why TXV systems often exhibit a "hunting" phenomenon. Hunting becomes more 
and more prevalent as the phase lag increases. The valve will oscillate from open to 
closed, unable to stabilize. 
Figure 4.3 also suggests that COP is not significantly compromised at the point 
were capacity seems to reach its maximum. 
4.3.4 Significance 
The results of these experiments are very significant to the objectives of the project. 
The results are very promising, and show that the sensor can predict system performance. 
This is very important if a controller is to be designed for the system. For example, if a 
controller were designed with hA as its feedback parameter, then the controller could be 
set to regulate the system at any hA. If it was desired to maximize evaporator capacity, 
then, by using the data in figure 4.3, the controller would be set to regulate hA at 0.09 
Watts/ dc. 
4.4 Precautions 
The data presented in figures 4.2 and 4.3 along with the discussion presented 
demonstrate the ability of this sensor to predict certain system performance characteristics 
for those respective sets of unique operating conditions. The data presented in this 
document is specific to the facilities and conditions described in this document. Not 
enough data has been taken to generalize the sensor's behavior. The sensor's behavior 
can significantly change if it is used in another system. Parameters such as sensor 
orientation, distance to the evaporator, refrigerant type, pipe cross-section, and evaporator 
type, all of which were held relatively constant for each set of experiments, would create 
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inconsistent results. All of these parameters mentioned would change the convection heat 
transfer coefficient between the refrigerant and the RTD. 
4.4.1 Varying Calibration 
Once the sensor's output is calibrated to the system performance characteristics, 
there is no guarantee that the calibration will stay. Many factors will change the 
calibration including: 
• sensor orientation It is important that the effective surface area of the sensor remains 
constant. That means once the sensor is calibrated, the sensor cannot be rotated. It is 
suggested that the sensing filament of the sensor be oriented to maintain the maximum 
effective surface area with respect to the refrigerant flow. 
• distance from the evaporator The nearer the sensor is to the exit of the evaporator, the 
more turbulent the flow will be. It is recommended that the RTD be placed as close to 
the exit of the evaporator as possible in order to obtain a representative sample of the 
cross-sectional flow. 
• refrigerant type Refrigerant characteristics such as heat capacity, density, and heat of 
vaporization all affect the heat transfer characteristics. Recall that hA is highly 
dependent on the convective heat transfer coefficient between the RTD and the 
refrigerant. 
• pipe cross-section It is important to maintain consistent sensor mass flux. Mass flux is 
the amount of mass that passes through a given cross-sectional area (2-D plane). If the 
pipe diameter is increased, then for the same mass flow rate, the RTD will have a 
lower mass flux. 
• type of evaporator Different evaporators create different flow dynamics at their exits. 
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4.4.2 Other Limitations 
The refrigerant must be well mixed as it passes over the sensor in order for the 
results to be valid. The liquid droplets need to be evenly distributed throughout the cross-
section of the pipe. This ensures that the sensor is getting a representative sample. In 
reality a small portion of the refrigerant is being carried as an oil-refrigerant mixture that 
flows attached to the tube walls. The sensor cannot detect that portion of the flow. Our 
experience demonstrates that the sensor should be placed very near the evaporator exit, 
preferably in a vertical section of tube. Recall the lesson learned in section 3.3.3.5. 
Beware of situations where the RTD is not getting a representative sample of the cross-
sectional flow. 
The sensor can only be used in its region of sensitivity. This corresponds to the 
regime that has a finite slope in the middle plot of figure 4.2. The sensor must be used in 
the low LMF/high quality regimes. It cannot operate where traditional TXV systems 
operate. 
Shannon et al [29] had hypothesized that a non-linear saturation response can 
occur with liquid refrigerant present in the stream. If liquid refrigerant completely coats 
the RTD and the influx of liquid is higher that the evaporation rate, then a thin film of 
boiling liquid can cover the surface. When saturation occurs, the sensor cannot provide 
further information to estimate LMF. 
Also, the sensor was not designed to provide a quantitative measure of quality. The 
output of the sensor is influenced by too many factors to give an accurate numerical value 
of refrigerant quality. 
4.4.3 A Practical Discussion of Precautions 
While it may seem like there are many precautions to be concerned about, most of 
the problems are easy to avoid. Once the sensor is calibrated for a particular system, as 
long as none of the issues raised in section 4.4.1 are violated, the sensor will stay in 
calibration. Most ofthe points raised in section 4.4.1 include a major modification to the 
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loop. If a refrigeration system were mass produced, then a single calibration would hold 
for all of the individual systems. 
If the sensor is placed in the middle of the pipe near the exit of the evaporator, the 
flow has a good chance of being well distributed. It would also be advantageous to place 
the sensor in a vertical pipe. For the experiments presented in this chapter the sensor was 
placed in a vertical section of pipe. The sensor never experienced any loss of sensitivity. 
The sensor can only be used in its range of sensitivity. But the range of sensitivity 
of the sensor includes most of the operating conditions that are desirable. Figure 4.3 
demonstrates the sensor's range of sensitivity. In these particular operating conditions the 
sensor can operate between about 0.025 and 0.1 W/°C. This covers the region of 
maximum capacity. 
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CHAPTER V 
REGULATING THE LMF 
Everything presented so far has shown that it is possible to design a controller to 
regulate the LMF of refrigerant exiting an evaporator. This chapter describes the process of 
designing such a controller. But before a controller can be built the plant that the 
controller is going to control must be identified, and its dynamics must be studied. Once 
the control scheme is designed, it will be implemented on the system. 
5.1 System Identification 
The plant of any control system is the physical object that is to be controlled. The 
first step in constructing any control scheme is to identify what the plant is, and then 
determine how it responds over a range of dynamic responses. The dynamic 
characteristics of a plant are usually not known and must often be determined empirically. 
For this system the plant will be defined as the transfer function between the command 
signal to the electronic expansion valve (EEV) and the hA parameter. The dynamics of the 
EEV, evaporator, refrigerant flow, thermocouple (used to compute the overheat), and the 
RTD all affect the dynamics of this plant. 
5.1.1 Procedure 
The input of the system is the control signal to the EEV, and the output is the hA 
estimate read from the data acquisition system (DA5). Everything that is responsible for 
producing the hA signal from the control signal of the EEV is defined as the plant. 50 
many individual processes compose the overall dynamics of the plant that it would be 
virtually impossible to derive the dynamic response ofthe plant from first principles. 
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Instead, the plant will be treated as a "black box", and the dynamics will be determined 
empirically. 
The dynamics of the plant are very complex and assumed to be nonlinear. A 
system is nonlinear if the principle of superposition does not apply. Thus, for a nonlinear 
system the response to two inputs cannot be calculated by treating one input at a time and 
adding the results. This makes nonlinear systems very difficult to model and work with. 
While this system is almost certainly nonlinear, it is probable that it can be approximated 
as linear system over a small range of operation. In the same way, any nonlinear curve 
(parabola, circle, or sine wave) can be approximated as many straight lines connected by 
points of discontinuity. The drawback is that the approximation is only valid over the 
range in which it was defined. 
There are a few common techniques used to dynamically define a system 
empirically. One common method is called "swept sine response". At every frequency 
that the system will be dynamically defined for, a sine wave of that frequency is fed into 
the input and the resulting output is recorded. The affect that the system has on the sine 
wave is the transfer function for that exact frequency (and only that frequency). This must 
. be repeated for every frequency for which the system is to be defined. The collection of 
the system's responses at different frequencies is the model of the system. 
A simpler and as effective method was employed to estimate the dynamics of the 
plant. It is often referred to as the "random input method". A random, but known, input is 
given to the system, and the output is recorded. Given enough time, the Gaussian signal 
fed to the input will cover a wide range of frequencies. The ratio of the cross spectral 
density (between the input and output signals) to the input signal's power spectral density 
yields the frequency domain transfer function of the system. The spectral density of a 
signal involves decomposing the signal into its frequency components using the discrete 
Fourier transform. See appendix 0 for the Matlab code to perform the analysis. 
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5.1.2 Open Loop Step Response 
The procedure for estimating the dynamics of the system is to give the input a 
normally distributed random signal, record the output, wait some predetermined amount 
of time, and do it over and over. An important parameter of that algorithm is the amount 
of time to wait, often called the sample time. The sampling frequency is not arbitrary, and 
should be decided rationally, because it will influence the results. If the sample rate is too 
slow, then the resulting model may not capture important dynamics. The computed 
frequency response of the model is only valid up to half of the sample frequency (Nyquist 
frequency). If the sample rate is too fast, then the DAS will be loaded with excess data. 
In order to gain some insight into the dynamics of the system so that a rational 
choice can be made for the sampling frequency, the system was subjected to an open 
loop step response. The input was given a step signal, and the output was observed. The 
mobile air conditioning (MAC) test facility was allowed to come to steady-state at some 
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Figure 5.1 A step input is given to the EEV after 20 seconds. This plot represents the data 
taken from trial 1 (see table 5. 1 ). 
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predetermined set of operating conditions. Then, the electronic expansion valve (EEV) 
was given an abrupt change in its control signal (step signal). The output of the RTD 
sensor (hA) was observed to see how it responded to this step change to the input (EEV 
control signal). This was done seven times over two different compressor speeds and 
several different step increments. A typical trial is shown in figure 5.1 
Figure 5.1 shows the result of a typical trial. The values along the ordinate denote 
valve opening for the top curve and hA for the bottom curve. 0.00 means the EEV is fully 
closed, and 1.00 means the valve is fully open. hA is in units of Watts/ 0c. This particular 
trial was performed with the compressor at a lower speed. The control signal to the EEV 
was stepped up from 25% to 30% open 20 seconds into the experiment. hA initially 
started at 0.03 Watts/oC, and settled down to 0.11 Watts/oC at its stead-state value. The 
rise time will be defined here as the time it takes the output to go from its initial value 
(0.03 in this case) to the first pass of its final value (0.11 in this case, see Figure 5.1). The 
step change is imposed at 20 seconds, and the output reaches 0.11 at about 39 seconds. 
The rise time is thus 19 seconds. Table 5.1 summarizes the results of all of the trials taken. 
Plots of all of the trials are shown in appendix C. 
Table 5.1 Summary of all of the trials where a step change was given to the input of the 
EEV. This data was used to help characterize the system. Plots of each trial are shown 
in appendix C. 
trial compressor EEV step hA steady-state rise steady-state 
speed Jrpm] jchan9_e in EEV] increase [Watts! °Cl time[sec] gain 
1 1100 +0.05 +0.08 19 1.6 
2 1100 -0.01 -0.01 11 1 
3 1100 -0.02 -0.037 12 1.85 
4 1100 -0.01 -0.02 10 2 
5 1700 +0.005 +0.01 26 2 
6 1700 +0.01 +0.015 12 1.5 
7 1700 +0.01 +0.026 11 2.6 
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The third column of table 5.1 (EEV step [change in EEV]) represents the magnitude 
of the step change to the control signal of the electronic expansion valve. The next 
column (hA steady-state increase) represents the difference between the initial hA value 
(before the step change) and the steady-state hA value (a long time after the step change). 
In trial 1 hA is initially at 0.03 and settles at 0.11. So, the hA steady-state increase in 
+0.08. The final column (steady-state gain) is calculated as the ratio between the hA 
steady-state increase and the EEV step change. This value is an indication ofthe static 
sensitivity of the system. The static sensitivity demonstrates how much the output will 
change for a given size input after all the transients have settled. 
One very important parameter extracted from the step responses is the rise time. 
Recall that the rise time is the time it takes the plant output to move from its initial value to 
the first pass of its final value (see figure 5.1 for a graphical representation). The rise time 
will be used to determine the sampling rate of the data acquisition system (DAS). Recall 
that this sampling rate will influence the model of the system. There should be at least 7 
samples within the rise time of the system. The rise times for the trials in table 5.1 and 
appendix C range from 10 to 26 seconds. In order to use the widest range of operating 
conditions the conservative estimate of a 10 second rise time will be used. The slowest 
sampling rate for the DAS should be 10/7, or about 1.4 seconds (sample frequency of 0.7 
Hz). Due to the unpredictable nature of this nonlinear system, it may be advantageous to 
sample slightly faster. A sample rate of 1 second (sample frequency of 1 Hz) should work 
well. 
The step response data also offers some insight to other dynamic characteristics of 
the system. Note that in all the trials the response of the sensor (hA) overshoots its steady-
state value before eventually leveling off at the steady-state value. This is a characteristic 
of an under damped system. 
5.1.3 Frequency Response 
The term frequency response will be used here as the steady-state response of a 
system to a sinusoidal input. In frequency response methods, the frequency of the input 
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signal is varied over a certain range and the resulting response is studied. An advantage of 
the frequency response approach is that frequency response tests are, in general, simple 
and can be made accurately by use of readily available signal generators and precise 
measurement equipment. Often the transfer functions of complicated components can be 
determined experimentally by frequency-response tests. 
Recall that the system being studied here is nonlinear, but that it will be 
approximated as a linear system over the range where the data was collected. The linear 
approximation is an important assumption for the following analysis to be valid. A 
frequency-dependent I inear system can be represented as 
Yes) = G(s) 
Xes) 
If the input x(t) is sinusoidal, it may be represented as 
x(t) = X sin 0Jt 
If the system is stable, then the output y(t) can be given by 
where 
and 
yet) = Y sin(OJt + ¢) 
Y = X I G(j (1}) I 
I COw) = ¢ = tan-l [imaginary part of G(j{1})] 
real _ part _ of _ G(j (1}) 
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(eq 5.1) 
(eq 5.2) 
(eq 5.3) 
(eq 5.4) 
(eq 5.5) 
A stable linear system subjected to a sinusoidal input will, at steady-state, have a 
sinusoidal output of the same frequency as the input. But the amplitude and phase of the 
output will, in general, be different from those ofthe input. In fact, the amplitude ofthe 
output is given by the product of that of the input and IGOw)l, while the phase angle 
differs from that ofthe input by the amount if> = / GOwL Note that for sinusoidal inputs 
1 G(jm) 1= Y(j.m) = amplitude ratio of the output sinusoid to the input sinusoid 
X(jm) 
/ GOw) =/~Z~ = phase shift of the output sinusoid with respect to the input sinusoid 
Hence, the response characteristics of a system to a sinusoidal input can be obtained 
directly from 
Y(jm) = G( ·m) 
X(jm) } (eq 5.6) 
The sinusoidal transfer function G(jw), the ratio of YOw) to XOw), is a complex 
quantity and can be represented by the magnitude and phase angle with frequency as a 
parameter. (A negative phase angle is called phase lag, and a positive phase angle is 
called phase lead.) The sinusoidal transfer function of any linear system is obtained by 
substituting jw for s in the transfer function of the system. 
A sinusoidal transfer function may be represented by two separate plots, one giving 
the magnitude versus frequency and the other the phase angle (in degrees) versus 
frequency. A Bode diagram consists of two graphs: One is a plot of the logarithm of the 
magnitude of a sinusoidal transfer function; the other is a plot of the phase angle; both are 
plotted against the frequency in logarithmic scale. 
The standard representation of the logarithmic magnitude of G(jw) is 20 log IG(jw)l, 
where the base of the logarithm is 10. The unit used in this representation of the 
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magnitude is the decibel, usually abbreviated dB. In the logarithmic representation, the 
curves are drawn on semilog axis, using the log scale for frequency and the linear scale for 
both magnitude (but in decibels) or phase angle (in degrees). (The frequency range of 
interest determines the number of logarithmic cycles on the abscissa.) 
A Bode plot will be used to represent the frequency dependent model of the plant. 
Using the notation just presented, the input x(t) will be the control signal to the EEV, and 
the output y(t) wi II be the computed hA from the RTD sensor. 
The method described in section 5.1.1 wi II be employed to construct the Bode plot 
of the system. The procedure will be executed twice. The conditions of the mobile air 
conditioning (MAC) test facility will be identical for both trials with the exception of the 
EEV setting. The first trial will have a mean valve setting 24.5% open with a standard 
deviation of 0.5%. This means that for the first trial, once every second a random control 
signal (mean of 24.5% and standard deviation of 0.5%) is sent to the EEV. At the same 
time the calculated output hA is recorded by the data acquisition system (DA5). The same 
process is executed for the second trial with the exception that the mean and standard 
deviation of the control signal are 23.2% and 0.5%. 
The magnitude of the standard deviation had to be small enough that the linear 
approximation would still be valid. It had to the large enough that the perturbations about 
the mean would be large enough to be statistically significant. 
The conditions used in both trials are very similar to (but not exactly the same as) 
test conditions set number 4 (see appendix B and section 4.3.2). A valve opening of 
24.5% under the conditions of this experiment yielded a liquid-mass-fraction (LMF) of 
refrigerant exiting the evaporator somewhere between 6% and 9%. A valve opening of 
23.2% for the same conditions yielded a very low LMF, somewhere between 0.1 % and 
2%. These LMF estimates were determined from the qualitative behavior of the RTD 
sensor, and have no reference to any reliable quantitative measure. These two LMFs were 
chosen because 0.1 % represents the low-end of sensitivity of the sensor, and even though 
the sensor doesn't saturate until significantly above 10%, there are no benefits to operating 
a system above 10% LMF of refrigerant exiting the evaporator. So, the two trials will 
capture both extremes of the operating conditions of the RTD sensor. 
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For each trial two vectors of data were recorded. The input (u in the Matlab code 
and x(t) in the previous notation) is the control signal to the EEV. The output (y in the 
Matlab code and y(t) in previous notation) is the calculated hA from the output of the 
sensor. These two vectors are used in a Matlab .m file to compute the empirical Bode plot 
of the system for each trial. See appendix D for more details. 
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Figure 5.2 Bode plot of system dynamics constructed from data in trial 1 
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Figure 5.3 Bode plot of system dynamics constructed from data in trial 2 
Figures 5.2 and 5.3 show figures rendered after executing the Matlab .m file 
presented in appendix D. Notice that the measured transfer function is largely corrupted 
by noise for frequencies greater than 0.05 Hz. The magnitude and above all the phase 
estimate are grossly in error at higher frequencies. Fortunately, the two trials resemble 
each other. This indicates that a single model can approximate both trials. The qualitative 
characteristics of the Bode plots reveal the obvious non-linearities in the system. Linear 
systems have Bode plots that have smooth curves. The magnitude curve has slopes of 
multiples of 20 dB per decade of frequency. 
The slower dynamics (in the range of about 0.001 to 0.01 Hz or periods of 1 00 to 
1 000 seconds) are the result of the dynamics of the entire loop. The MAC system is a 
fairly large and complex system. All ofthe components ofthe MAC system are coupled in 
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some way, so changes in any part of the loop (e.g. opening ofthe EEV) will often affect the 
entire loop. The mid range dynamics of the model are likely to be the more direct 
relationship between the EEV and the sensor. As the EEV opens or closes the flow patterns 
and composition change in the evaporator and over the RTD sensor. The fastest dynamics 
captured in this model are the result of two phenomena. As the valve opening changes, 
the pressure drop imposed by the valve also changes. These changes in pressure 
propagate downstream extremely fast, and can quickly alter the response of the RTD 
sensor. The other phenomenon is the actual flow dynamics of the refrigerant. The 
refrigerant passing over the RTD sensor is very turbulent and chaotic in nature. This 
turbulent flow creates broadband noise which complicates the system identification. The 
identification procedure uses averaging to suppress the effects of the noise, but the noise 
still obscures the system response for frequencies above 0.05 Hz. 
5.2 Controller Design 
Finding the frequency response of the system was only the first step in designing a 
controller. The frequency response was then fit to a linear model that approximated the 
frequency response of the system. Traditional linear controller design techniques could 
then be applied to the linear approximation. 
5.2.1 System Model 
Section 5.1.3 developed an empirical model of the system. The obvious non-
linearities in the model make it difficult to find a valid linear approximation. System 
identification theory provides techniques to approximate a linear system that is apparently 
non-linear. But, these techniques do not always deliver the best solution. 
5.2.1.1 Systematic Methods 
As mentioned, system identification theory offers systematic methods of 
approximating a linear system. Many of these techniques have been incorporated in 
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Matlab's System Identification Toolbox. This toolbox was employed to reduce the model 
found in section 5.1.3 into a linear system. Details of the techniques used in the toolbox 
can be found in the System Identification Toolbox User's Guide [19] and will not be 
discussed in this document. Due to the extreme non-linearities in the frequency response, 
Matlab's techniques were unable to converge to an acceptable approximation. Most of 
the algorithms rendered solutions that did not resemble the actual frequency response. It 
was concluded that a different technique must be used to construct a linear 
approxi mation. 
5.2.1.2 Model by Inspection 
Recall that equation 5.1 shows the input / output relationship of a linear transfer 
function. Any linear system can be defined as a system of differential equations. The 
transfer function of a linear differential equation system is defined as the ratio of the 
Laplace transform of the output (response function) to the Laplace transform of the input 
(driving function) under the assumption that all conditions are zero. Suppose the system 
could be defined by the following differential equation: 
(n) (n-l) • (m) (m-l) • 
aoy + alY + ... + an-1Y + anY = boX + b1x + ... + bm-1x + bmX (n~m) (eq 5.7) 
where y is the output ofthe system and x is the input. The transfer function of this system 
is obtained by taking the Laplace transform of both sides of equation 5.7, under the 
assumption that all initial conditions are zero, or 
L[outputJ 
Transfer function = G(s) = ----
L[inputJ (eq 5.8) 
L represents the Laplace transform operator. By using the concept of transfer function, it 
is possible to represent system dynamics by algebraic equations in s. If the highest power 
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of s in the denominator of the transfer function in equal to n, the system is called an nth-
order system. Recall that for our purposes, s can be replaced with jw. 
Suppose that the right side of equation 5.8 could be factored into first order factors. 
Also a simple substitution of jw for s can be made. The equation would then take the form 
(eq 5.9) 
Much of system's dynamics can be deduced from inspecting its Bode plots. All 
linear systems can be broken down into their poles and zeros. Mathematically, the zeros 
of a transfer function are represented by the z's in equation 5.9, and the poles are 
represented by the p's in the same equation. The exact physical significance of poles and 
zeros will not be discussed in this document. For the purposes of this analysis only the 
poles' and zeros' direct influence on the Bode diagrams is important. 
In the Bode diagram a pole is observed by a decrease in the slope of the magnitude 
curve by 20 dB per decade of frequency, and there is a 900 phase loss. A zero has the 
inverse affect; an increase in the slope of the magnitude curve by 20 dB per decade of 
frequency, and there is a 900 phase gain. These phenomena can be observed in figure 
5.4. Note that the gain and phase are both at zero for low frequencies (lower than the 
graph shows). As the magnitude curve approaches 1 rad/sec, the curve begins its 20 dB 
per decade decline. Meanwhile, the phase curve has already begun declining towards 
-900 , and it is at -45 0 at 1 rad/sec. The phase will approach -900 asymptotically. But the 
zero influences it before it can get to -900 • Note that once the magnitude curve reaches 
1,000 rad/sec (the zero), its slope begins to increase by 20 dB/decade until it reaches a 
zero slope again. The phase curve is increasing at this point, and it at exactly -45 0 at 
1,000 rad/sec. There is another pole at 1,000,000 rad/sec. 
These principles were applied to the frequency response of the system. A linear 
model of the frequency response of the EEV/hA system was constructed by simply looking 
at the empirical frequency response data (figures 5.2 and 5.3) and observing where a zero 
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or pole should be. Essentially, educated guesses were made on where zeroes and poles 
would be located for a linear approximation. The empirical data was studied, and trends 
characteristic of poles and zeros were extracted from the data. This was an iterative 
process, so a simple Matlab routine was written that took zeroes and poles as the input, 
and rendered a Bode plot of the corresponding system. This was done until the Bode plot 
resembled the empirical frequency response taken from the actual system. Eventually, the 
linear approximation formed by this technique constructed a much more accurate model 
than any systematic methods tried, including Matlab's system identification routines. So, 
while the method seems crude, the results were very good. 
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Figure 5.4 Typical linear Bode plot with poles at 7 and 7,000,000 and a zero 
at 7,000. 
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It was noticed that the dynamics of a pure time delay were present in the empirical 
frequency response. Time delays cannot be modeled exactly with poles and zeroes. But, 
a Pade approximation can model a time delay fairly accurately. For the purposes of this 
model only a first order Pade approximation was needed for a 2 second time delay. Once 
it was worked into the model, it worked nicely. 
It was also noticed that there was about a 6 dB DC gain (very low frequency gain). 
A 6 dB gain corresponds to a factor of 2. So, the equation for the linear approximated 
model for the EEV/hA system (plant) looks like: 
zeros 
DC gain", ~ 1st order Pade ~ ¥ t \t If ,/F ~~ ~ ximation 
2(1 + ~)(1 + JOJ )(1 + jOJ)( ! - °OJ !) 
G (jOJ) = Y(joOJ) = 0.004 0.05 0.05 2 } 2 (eq 5.9) 
p U(jOJ) (1 + jOJ)(1 + jOJ)(1 + jOJ)(1 + jOJ)(1f + jOJ,/F 
O.O~O.l 2 2 
poles 
or, 
G ( °OJ) = 2(1 + 250jOJ)(1+ 20jOJ)2(007071-0.7071jOJ) 
p } (1 + 50jOJ)2 (1 + 1 OJ OJ) 2 (0.7071 + 0.7071jOJ) (eq 5.10) 
w is the frequency in radians per second, and j is the imaginary number, or H. 
The model is graphically represented in figure 5.5. The analysis was done in rad/sec, but 
d h Fo 5 h d bl I 0.02 d 0.1 H 0.004 was converte to ertz. Igure 5. as ou e po es at -- an - z, a zero at --
2ff 2ff 2ff 
Hz, a double zero at 0.05 Hz, and a Pade approximation of a time delay of 2 seconds. A 
2ff 
double pole simply means that the magnitude decreases at 40 dB/decade, and the phase 
will asymptotically approach -180°. The model is considered fifth-order because is has 
five factors in the denominator. 
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Table 5.2 The poles and zeros used to construct the linear model 
poles zeroes 
rad/sec Hz rad/sec Hz 
0.02 
0.02 
0.1 
0.00318 
0.00318 
0.01592 
0.1 0.01592 
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figure 5.5 Fifth-order approximation of the frequency response of the EEV/hA 
model. Double poles at about 0.0032 and 0.016 Hz. Double zero at about 
0.0080 Hz. Single zero at about 0.00064 Hz. Also included in the model is a 
Pade approximation of a 2 second time delay. 
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5.2.2 Controller Specifications 
Once the plant has been approximated as a linear system, linear control theory can 
be used to design a controller to meet desired specifications. The purpose of a controller 
is to manipulate the input(s) of the plant so that the desired output(s) is obtained. For 
example, the purpose of a regulator (a controller that maintains the output constant) is to 
deliver an input to the plant that will result in the desired (and constant) output of the 
plant. The controller designed for this project is responsible for regulating the liquid-mass-
fraction (LMF) of refrigerant exiting the evaporator of a vapor-compression mobile air 
conditioning (MAC) test facility. 
r e 1 K/1 + -+ T,p) 
I;s 
u Plant 
Figure 5.6 Schematic of a linear system controlled by a PIO controller. 
5.2.2.1 PID Control 
y 
Probably the most common type of controller is the proportional + integral + 
derivative, or PID, controller. PID control uses feedback and uses functions ofthe integral 
and derivative of the error signal to feed back into the plant. Figure 5.6 represents a 
schematic of a PIO controlled system. y is the output of the plant. This is measured and 
fed back into the controller. r is the desired output of the plant. The difference of these 
two (r - y using negative feedback) represents the error, or e, in the schematic. e is fed into 
the controller. Recall s is the Laplace operator that symbolizes a derivative, and l/s 
integrates. The controller takes the derivative and integral of the error function. The 
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output of the controller is some predetermined function of the error plus the integral of the 
error plus the derivative of the error. In figure 5.6 Kp is the proportional gain, Tj is the 
integral time, and Td is the derivative time. These constants are carefully chosen to render 
the desired dynamic characteristics. The output of the controller is fed directly into the 
input of the plant. Hopefully, this new input will bring the output closer to the desired 
output. 
Each part of the P-I-D controller is responsible for different dynamics. The 
proportional part generates an output proportional to the error. If the proportional gain is 
too small, then the controller has too little 'control', and it will require a long time for the 
output to reach the desired value. If the gain is too large, the controller will generate a 
large control signal that will overshoot the desired state, and could even cause the system 
to go unstable. 
The integral portion of the controller generates a control signal proportional to the 
integral of the error function. Ifthe integral contribution is too small, then the plant may 
exhibit steady-state error. That is to say that a significant constant error could be present 
in the plant. Integral control eliminates steady-state error and dampens out fast dynamics. 
Damping out fast dynamics could be advantageous because often significant high 
frequency noise is present somewhere in the system. If the integral contribution is too 
large, then many of the important dynamics will be damped out. Integration tends to 
average previous errors. Integral action is often thought of as a low-pass filter. High 
frequency portions of the signal are attenuated. 
The derivative portion of the signal is proportional to the derivative of the error 
between the output and the desired signal. Derivative action acts like a high-pass filter. 
Derivative control is used to speed up the dynamics of the plant. A major problem with 
derivative control is that it tends to amplify high frequency noise. Derivative control was 
not used in this control scheme because of such adverse affects. 
In the Laplace domain the PI controller will take the form: 
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1 
Kp(s+-) 
1 Kp1';s + Kp 1: 
K (1 + -) = = ---'=--
p 1';s 1';s S 
(eq 5.11) 
Simulations were performed with the plant and the PI controller until the desirable 
transient and steady-state dynamics were met. Kp was determined to be 1 (no gain), and T; 
was determined to the 100. This corresponded to a corner frequency of 0.01 rad/sec or 
0.0016 Hz. The Bode plot of the PI controller with these parameters is shown in figure 
5.7. The PI controller acts just like low-pass filter with corner frequency at 0.0016 Hz. 
For frequencies sign ificantly below 0.001 6 Hz the controller provides 900 of phase lag (the 
integration of the signal results in losing 900 ). Also for frequencies below 0.0016 Hz the 
magnitude at each frequency is magnified by 20 dB (factor of 10) for every decade below 
0.0016 Hz. So, if an error signal has a frequency of 0.000016 Hz, it will be amplified by a 
PI controller 
10.2 
frequency (Hz) 
Figure 5.7 PI controller frequency response (Bode plot). It acts as a low-pass 
filter with a corner frequency of 0.0016 Hz. 
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factor of 100. This is the phenomenon that eliminates steady-state error. The longer the 
error is present (lower the frequency), the higher the control signal will be. For error 
frequencies significantly above 0.0016 Hz the PI controller has little to no effect. 
5.2.2.2 Lead / Lag Compensation 
Often, a simple PI controller is not able to render the desired dynamics. Lead and 
lag compensation is another technique used to design a controller. Lead compensation 
can yield an appreciable improvement in transient response and a small change in steady-
state accuracy. It may accentuate high frequency noise effects. Lag compensation, on the 
other hand, yields an appreciable improvement in steady-state accuracy at the expense of 
reducing the transient response. Lag compensation will suppress the effect of high-
frequency noise signals. 
Due to the inherent high frequency noise and inaccuracies in the linear model of 
the plant it would be advantageous to use lag compensation in the control scheme. 
Consider a lag compensator having the following transfer function: 
1 
s+-Ts+l T 
Gcomp(s) = KJ] = Kc 1 jJI's + 1 
s+-jJI' 
(eq 5.12) 
In the complex plane, a lag compensator has a zero at s = -lIT and a pole at s = -l/(,8T). 
The pole is located to the right of the zero. In the Bode diagram of the compensator the 
corner frequencies are at w = lIT and w = l/(,8T). The lag compensator is essentially a 
low-pass filter. 
In order to obtain the desired dynamics from the lag compensator, /3 was set to 3, T 
was set to 6, and Kc was set to 1//3 or 1/3. Figure 5.8 is a Bode plot of a lag compensator 
with these parameters. The corner frequencies of the lag compensator are at w = lIT or 
1/6 rad/sec or 0.0265 Hz and w = l/(,8T) or 1/18 rad/sec or 0.00884 Hz. The pole falls at 
the lower frequency of 0.00884 Hz. The magnitude drops at 20 dB/decade of frequency. 
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The phase is on its way down to -90 0 , however the zero at 0.0265 Hz is so close to the 
pole that the phase is only able to drop to about -300 before it is pulled back up by the 
zero. For frequencies significantly below 0.00884 Hz the lag compensator does not affect 
the signal. But for frequencies above 0.0265 the lag compensator attenuates those 
frequencies by a factor of f3 (which has a valve of 3) which corresponds to about -9.5 dB 
(20*log1o i is about -9.5). 
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Figure 5.8 Bode plot of the lag compensator used in the controller. 
5.2.2.3 The Controller 
Both parts of the controller were designed individually, but they can easily be 
combined into one controller. Equations 5.11 and 5.12 can be combined to represent the 
entire controller. 
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1 1 
KpKc(s+-)(s+-) 
G (s) = U(s) = 1'; T 
c E(s) s(s + _1_) 
JJI' 
(eq5.13) 
But, recall that jw can be substituted for s. And once the numerical values are substituted 
in, the controller will look like: 
1 (j (J) + _1_)(j (J) + ~ ) 1 G c (j (J)) = -3 . 100 1 6 = _. (100 j (J) + 1)(6 j (J) + 1) 
j (J}(j (J) + _) 100 j (J}(18 j (J) + 1) 
18 
(eq 5.14) 
total controller 
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Figure 5.9 This Bode plot represents the frequency response of the controller 
(PI and lag compensator). 
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Equation 5.14 can be represented as the Bode plot in figure 5.9. Figure 5.9 
represents the product ofthe PI controller's transfer function and the lag compensator's 
transfer function. Figure 5.9 can be constructed by graphically adding figures 5.8 and 5.7. 
Just as equation 5.13 was the product of the transfer functions shown in equations 
5.12 and 5.11 (That is to say that the total controller a combination ofthe PI controller 
and the lag compensator.), the total open loop model of the system is simply the product 
of the transfer functions given in equations 5.10 and 5.14. (That is to say that the total 
open loop system is the product of the of the total controller transfer function (figure 5.9) 
and the transfer function of the fifth order model or the plant (figure 5.5).). The total open 
system (controller + plant) can be expressed in the following equation: 
G ("{j) = G ( "(j)" G( "(j) = U(j (j) • Y(j (j) = Y(j{j) = 
OL } c } } E(j{j) U(j{j) E(j{j) 
1 (l00) (j) + 1)(6}{j) + 1)(l + 250} {j)(l + 20} {j)2 (0.7071- 0.7071) (j) (eq 5.15) 
50 } {j)(l8} (j) + 1)(l + 50} {j)2 (1 + 1 O}{j) 2 (0.7071 + O. 7071) (j) 
Equation 5.15 can be represented graphically as a Bode plot in figure 5.10 Once the 
open loop frequency response is defined for the entire system, the closed loop response 
can be found. Feedback control systems are often referred to as closed loop control 
systems. In practice, the terms feedback control and closed loop control are used 
interchangeably. In a closed loop control system the actuating error signal, which is the 
difference between the input signal and the feedback signal (which may be the output 
signal itself or a function of the output signal and its derivatives and/or integrals), is fed to 
the controller so as to reduce the error and bring the output ofthe system to a desired 
value. The term closed loop control always implies the use of feedback control action in 
order to reduce system error. 
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Figure 5.10 Bode plot of the total open loop system consisting of a PI controller 
(figure 5.7), lag compensator (figure 5.8), and fifth order model of the plant 
(figure 5.5) 
An advantage of the closed loop control system is the fact that the use of feedback 
makes the system response relatively insensitive to external disturbances and internal 
variations in system parameters. It is thus possible to use relatively inaccurate and 
inexpensive components to obtain the accurate control of a given plant, whereas doing so 
is impossible in the open loop case. Schematically, a closed loop control system can be 
represented in figure 5.11. 
r CONTROLLER u PLANT 
y 
Figure 5.11 Schematic of a linear system controlled by a Plo controller. 
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Y is the output. and the difference between the output and the reference or 
command signal, r, is fed into the controller to try to maintain y at r. Since the open loop 
transfer function of the system is known, the closed loop transfer function can be 
represented as 
For this system equation 5.16 can be represented by the Bode plot in figure 5.12. 
loop closed on total system 
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Figure 5.12 Closed loop system. 
(eq 5.16) 
Equation 5.14 represents the transfer function for the controller in the continuous 
frequency domain. But, the actual controller is a sampled data system operating at one 
95 
Hertz. So, this continuous transfer function must be converted into the discrete domain. 
Matlab offers a function called: c2dm that converts a continuous transfer function into a 
discrete one. In the discrete domain the inverse of the liZ" operator signifies a single time 
delay (in this case one second). The details of Matlab's algorithm will not be discussed in 
this document. The discrete version of equation 5.14 is 
Gn{z) = ~ = A+Bz + Cz 2 
en D+Ez+Fz2 
(eq5.17) 
where the constants take the numerical values of: 
A 0.2763 D 0.9460 
B -0.6091 E -1.960 
c 0.3333 F 1.000 
l/z represents one time delay (one second) and 1/z2 is two time delays (two seconds). Un 
is the output of the controller and the input into the plant. Un is the actual control signal 
that will be sent to the electronic expansion valve (EEV). en is the difference between the 
actual output of the plant and desired output (error) and is the input to the controller. 
But equation 5.15 still does not give an explicit scheme for controlling the EEV 
(there is not an explicit function of un). So, equation 5.17 must be manipulated: 
Aen-2 + Ben-l + Cen = DUn-2 + EUn-1 + FUn (eq 5.18) 
en_2 is the error that occurred two samples ago (two seconds ago). en_1 is the error that 
occurred one sample ago (one second ago). en is the current error of the plant. un_2 is the 
control signal that was given to the EEV two samples ago. un-1 is the control signal that 
was given to the EEV the previous sample. un is the control signal that is currently being 
sent to the EEV. Un is the output of the controller. So, solving for Un: 
(eq 5.19) 
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Un = O.2763en_2 - O.6091en_1 + O.3333en - O.9460un_2 + 1.946un_1 (eq 5.20) 
5.3 Implementation 
Section 5.2 presented the design and some theory of a control algorithm. Equation 
5.20 develops a discrete function for the control signal to the EEV (input of the plant). The 
theory and equations must now be implemented on actual hardware and software. In 
order to actively control the EEV a control computer, Spectrum's Indy F3 Processor Board, 
was installed in the existing PC in the test facility. The F3 Processor Board is a half-length 
ISA expansion board equipped with Texas Instrument's TMS320C32 digital signal 
processor (DSP). A DSP~LlNK3 daughter board was installed on the DSP board to 
provide analog I/O (input/output). The controller is comprised of the Indy F3 board, an 
analog interface daughter board, circuitry for interfacing between the Spectrum boards 
and RTD sensor and thermocouple, and the software to develop the control algorithm. 
5.3.1 Controller Hardware 
The computational engine of the controller is a TMS320C3x generation DSP. This 
DSP was a high-performance (by 1998 standards) CMOS 32-bit floating-point device in 
the TMS320 family of single-chip DSPs. The 'C3x series integrates both system control 
and math-intensive functions. This generation of DSPs are allowed to execute up to 60 
million floating-point operations per second (MFLOPS). The devices also features on-chip 
parallelism that allows users to perform up to 11 operations in a single instruction. 
The DSP chip is the heart of the Indy F3 Processor Board that is developed and 
produced by Spectrum Signal Processing Inc. The Indy board is responsible for interfacing 
between the DSP and the host computer and between the DSP and any daughter boards 
that the Indy F3 might have installed. Dual Port RAM (DPRAM) is included as the memory 
mapped interface between the F3 Processor Board and the ISA bus. The board also offers 
a TTL (transistor-transistor) digital I/O interface. 
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Spectrum's DL3-A 1 DL3ADA 100 Analog Module provides the interface between a 
host board (the Indy F3 Processor Board in this case) and the analog environment. It is an 
add-on board (a daughter board) that connects to the Indy F3 board via a DSP-LlNK3 
module connection, and provides four analog input channels and two analog output 
channels. The module's ND (analog to digital) and D/A (digital to analog) converters are 
16-bit converters that can be triggered by an on-board timer or externally through an 
external trigger input. The Analog module acts as a slave on the DSP-LlNK3 bus. 
5.3.2 Interfacing 
The inputs to the DSP controller go through analog to digital converters (ADCs). 
These ADC take a -10 to + 10 volt analog signal and convert it to a 16-bit value. Proper 
interfacing between system measurables (output of RTD sensor and reading from 
thermocouple) and the ADCs must be implemented. 
At the mobile air conditioning (MAC) unit a thermocouple is placed at the inlet of 
the outlet of the evaporator on the refrigerant side. An Omega linearized, isolated 
thermocouple input (Omega part # 5B47-T-06) was used to change the -100°C to 400°C 
temperature to a 0 volt to 5 volt signal. The greatest range that the thermocouples 
experience is from -10°C to 30°C. This corresponds to a 0.9 volt to a 1.3 volt range. That 
is only 2% of the range of the ADC. It would be ideal to have -10°C correspond to -10 
volts and 30°C correspond to a + 10 volts. 
With constraints that -10°C correspond to -10 volts and 30°C correspond to a + 10 
volts, the relationship between the input of the desired circuit to the output of the desired 
circuit is found to be: 
(eq 5.21) 
This would correspond to the circuit in figure 5.12. This circuit uses two inverting op-
amps. The first op-amp has a gain of -50. Recall that an inverting op-amp has a gain 
equal to -R/Rj • So, Rj is R/50. But, while 0.9 volts to 1.3 volts is centered around 1.1 
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volts, -10 volts to + 10 volts is centered around 0 volts. So, some sort of off-set must be 
used to compensate for this. -5 volts is a common supply voltage, so that will be used for 
this circuit. By summing the currents into node 1 (see figure 5.13), the following 
constraint is developed: 
50V;n 5 Vout 
----=-
Rf R, Rf 
(eq 5.22) 
R1 is the resistor at the -5 volt supply. By applying the design constraints set previously, R1 
is equal to R/11. So, the complete circuit will look like figure 3. 
1.3 Vat +30oc 
-5V 
V 
Vout = 
o 
Figure 5.13 Op-Amp circuit used to scale the thermocouple signal. 
The next problem was to find a way to control the EEV. A twelve-volt power 
supply is needed to control the stepper motor that regulates the opening of the valve. The 
5porlan Universal Electronic Interface Board satisfies this. This interface board takes in a 4 
mA to 20 mA current signal, and outputs the proper valve setting. Signals of 4 mA and 20 
mA correspond to valve openings of 0.0% and 100% respectively. 
The valve is now controlled by a current source, but the DACs use -10 volt to + 10 
volt voltage for control. Omega manufactures an isolated current output (Omega part # 
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OM5-IVI-A4) that will convert a -5 volt to +5 volt signal to a 4 mA to 20 mA signal. 
Although it only uses half the resolution of the DSP, it is adequate. So, at the DAC on the 
DSP, -5 volts means the valve is fully closed, and +5 volts means the valve is fully open. 
Figure 5.14 shows the complete circuit. 
bought from 
OMEGA 
• ::1enser 
OMS .. IVI- A4 
isolated current 1-~~--1~ 
came with EE 
DAC ADC At DAC 2 on the DSP 
DSP-LlNK3 -5V means valve fully closed 
+5V means valve ful n 
Figure 5.14 Circuit used to control the EEV using the OSP. 
The clutch of the compressor also needs to be controlled. The compressor pulley 
"free wheels" with the drive until the electromagnetic clutch on the compressor is 
engaged. 12 volts applied to the clutch engages the compressor clutch. The best way to 
control the clutch is by using one of the digital output lines from the DSP. The digital 
output would feed into a relay circuit where logic high (+5 volts) would engage the clutch 
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and a low signal (0 volts) would disengage the clutch. The final interfacing between the 
NC unit and the DSP is shown in figure 5.15 
.-----....,.--1 Spectrum's Indy F3! 
~~~~J----~ TI's TMS320C32 DSP 
control algorithm 
.... ___ .... ~--... written in C 
thermocouple 
~~~~~~---
evapoclill 
Figure 5.15 Interfacing diagram between the osp and NC unit. 
5.3.3 Controller Software 
As shown in figure 5.15, the control algorithm is written in the C programming 
language, compiled on the personal computer (PC), and then downloaded to the DSP. 
The C code is written, edited, compiled, and downloaded by Code Composer, a software 
program developed by the GO DSP corporation. Code Composer is the DSP industry's 
first fully integrated development environment (IDE) with DSP-specific functionality. With 
its familiar MS-Visual C like environment, Code Composer lets you edit, build, debug, 
profile and manage projects from a single unified environment. Other unique features 
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include graphical signal analysis, injection/extraction of data signals via file I/O, multi-
processor debugging, automated testing and customization via a C-interpretive scripting 
language and much more. 
The exact C code used to program the DSP can be found in appendix E. Much of 
the code was borrowed from Dan Block from the Electrical and Computer Engineering 
department (at the University of Illinois). The beginning of the code (like the beginning of 
any C code) includes the necessary files, defines and initializes variables, and establishes 
prototypes for the functions (to be defined at the end of the code). This is very important 
because much code was written that specifically tells the DSP how to operate. This code 
is in files such as dac.c (tells how to write to a DAC), io.c (interfacing with I/O), and dsk.c 
(describes to the DSP how to perform basic operations such as memory allocation). The 
defines are also important because they define global constants that are used as the tuning 
parameters for the specific system. This corresponds to Areas 1 and 2 in the code. math.h 
and stdlib.h are standard C libraries. f3proj.h, dac.h, f3def.h, and sstype.h are user 
defined C files that are used in this code. 
Area 3 was eliminated because it was not relevant to this algorithm. Area 4 is the 
main routine of the algorithm. The function Init_For_Control (standing for interrupt 
for control) tells the DSP how often to interrupt the procedure to perform other tasks. An 
interrupt request causes the processor to stop what it is doing and devote its resources to 
something else. In this case the algorithm calls for an interrupt once every 0.01 second 
(100 Hz). Once the interrupt is executed, the algorithm leaves the main program (Area 4) 
and jumps to the c_intlO (void) function (Area 6). Back in Area 4 the routine executes 
the code in Area 4 until it enters an infinite while loop. The routine will continuously 
loop (actually doing nothing of significance). 
Every time there is an interrupt request, the algorithm skips to Area 6. Recall that 
the controller designed previously required an update only once a second (sample rate of 
1 Hz). But, the algorithm has an interrupt at a rate of 100 Hz. During the first 75 
interrupts of each second the interrupt routine does nothing of significance. On interrupts 
76 through 99 the interrupt routine reads the signal from the RTD sensor. The voltage 
read by ADC 0 is actually one-tenth of the voltage across both Rset and the RTD. That 
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voltage is appended to an array called fil ter. On the 100th interrupt of each second is 
when the controller actually interfaces with the system. At this time the last 25 readings 
from the RTD sensor are averaged. This greatly reduces the amount of noise in the signal. 
Averaging is a form of filtering (often called a "box car filter"). From this average reading 
the hA is determined and compared to the desired hA. The error, or ek, is computed as 
the difference between the desired hA and the actual hA. The control signal to the EEV, or 
uk, is computed using equation 5.20 that was derived in section 5.2.2.3. 
5.4 Performance 
The controller will be tested to see how it performs. The experiments were 
conducted in the mobile air conditioning (MAC) test facility (described in section 4.2). 
The experiments were designed to demonstrate the controller's ability to regulate the LMF 
(Iiquid-mass-fraction) of refrigerant exiting the evaporator. 
The DSP controller uses two inputs (two ADC channels) and two outputs (two DAC 
channels). The controller reads the voltage across the RTD sensor and Rset resistor (Recall 
that these two are in series, and the voltage read across the two corresponds to twice the 
resistance of either the RTD sensor or Rset because the resistance of the RTD is equal to 
Rset.). The controller also reads a voltage that is a function of the temperature of the free-
stream refrigerant that is exiting the evaporator (see section 5.3.2 for details). From these 
two voltages the controller estimates hA once every second (see section 5.3.3 and 
appendix E for the exact algorithm). It compares the computed hA to the desired hA and 
then computes a signal that will be sent to the EEV that will try to bring the hA value closer 
to the desired hA. One of the output channels of the controller (DAC) is dedicated to the 
EEV. The other output channel sends a voltage signal to the HP data acquisition system 
(DAS). This signal is proportional to the computed hA. This is done because the DAS 
does not directly measure hA. hA is estimated by the controller and then sent to the DAS 
to be recorded. 
The software for the controller needs two parameters to properly regulate hA. It 
needs the temperature of the RTD (RTD_temperature). Recall that this is the 
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temperature that corresponds to the resistance of the RTD (and Rset). The algorithm also 
needs the setpoint for hA (target_hA). 
Three types of experiments will be conducted to test the hA regulator: 
1. regulation with constant setpoint 
2. regulation with step change in setpoint 
3. regulation with ramp change in load 
The results of all ofthese experiments are presented in appendix F, but will be discussed 
in the following sections (5.4.1, 5.4.2, and 5.4.3). 
5.4.1 Regulation with Constant Setpoint 
The first set of experiments were conducted to show that the hA could be 
regulated. The conditions of the MAC system were allowed to stabilize (essentially steady-
state). The only disturbance given to the system was the changing opening of the EEV, 
which was controlled by the controller. Figure 5.16 shows some typical data obtained by 
these experiments. The rest of the experiments are represented in figures F.1, F.2, and F.3 
in appendix F. 
Figure 5.16 shows how well the controller regulates hA. While the estimated hA 
measurements have significance variance, the mean of the hA measurements is very close 
to the target hA. Such a large variance in the feedback signal often causes problems for 
the controller. But, because of the controller's robust design it is able to handle model 
inaccuracies and noisy signals. The integrator and the lag compensator (sections 5.2.2.1 
and 5.2.2.2) allow the controller to better handle the Gaussian fluctuations in the 
feedback signal. 
These fluctuations are primarily from two sources. The more obvious cause of the 
fluctuations is the voltage measurement from the RTD sensor. The signal is filtered 
(averaged) over 25 samples for a quarter of a second. But, even with this filtering the 
signal contains significant fluctuations. If the signal is filtered too much, then the time 
response of the measurement will be compromised. These fluctuations are not by external 
noise. Noise is traditionally considered as something that degrades the accuracy of the 
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Figure 5.16 Regulation of a constant hA at 0.06 Watts/DC. The top line is the control 
signal to the EEV. The straight line is the hA setpoint. And the other data is the hA 
reading from the RTD sensor. 
signal. But, the fluctuations present in this signal are due to the actual fluctuations in the 
instantaneous hA. Recall that the RTD is in the middle of a highly turbulent flow with 
saturated liquid and either saturated vapor or superheated vapor. The high frequency of 
the droplets impinging the sensor cause the fluctuations in the signal. The purpose of the 
averaging (filtering) is to obtain a representative reading. Recall that the controller only 
updates its output once a second, but the DSP samples at a rate of 100 Hz. One sample 
would not be representative. 
The other and less significant cause of fluctuations is from the thermocouple 
measuring the temperature of refrigerant at the exit of the evaporator. This temperature 
measurement is also used to compute hA. Vapor and liquid refrigerant of different 
temperatures are also hitting the thermocouple. This signal is not digitally filtered because 
of the slower dynamics of the thermocouple. The metal sheath of the thermocouple 
provides some thermal inertial. This thermal inertial impedes fast changes in temperature, 
just as inertial from a mass impedes fast changes in velocity. This impedance acts as a low 
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pass filter (Averaging also has similar characteristics as a low pass filter.), so a digital filter 
was not needed. 
5.4.2 Regulation with Step Change in Setpoint 
The procedure for these experiments is basically the same as those presented in 
section 5.4.1 except that the setpoint (target_hA in the C code) is abruptly changing. 
The resu Its of the experi ment are shown in figu re 5.1 7. 
The top graph of figure 5.17 is a time trace of the control signal to the EEV, the 
calculated hA from the DSP, and the setpoint for hA. Various step changes are given to 
the hA setpoint. One of these step changes is shown in better detail in the bottom graph 
of figure 5.17. This graph reveals the effects of a discrete controller. Note that once the 
control signal is given to the EEV, it is held for 1 second. Also, hA is only computed once 
a second. Figure 5.17 demonstrates how well the controller operates. Step changes in 
controlled parameters are often very problematic for controllers. Step changes contain 
very high frequency content (theoretically infinite frequency). But, once again, the 
integrator and lag compensator in the controller are able to handle the high frequency 
content of the changes. 
Note that hA was able to recover after only about 12 seconds or so. But, changes in 
the system (like the large step change in the setpoint shown in figure 5.17) do not usually 
happen this abruptly and at this magnitude. The controller would be able to respond 
better to slower and/or smaller changes. Under these extreme conditions, 12 seconds is 
considered extremely good. Before the controller was installed, the desired hA was 
obtained through manual tuning of the expansion valve. This process of getting the 
desired hA value was an iterative process and would take in excess of 15 minutes! 
The difficulty in manually regulating hA is due to the high sensitivity of the hA 
measurement to the EEV opening. Note that relatively small changes in the EEV opening 
result in very large changes in hA. In the step change in hA setpoint from 0.04 to 0.09 
Watts/ °C the EEV opening only had to increase by less than 1 % of the range of the EEV 
(0.01 on the left abscissa in figure 5.17). 
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Figure 5.17 Regulation of hA with step changes in setpoint. The ordinate 
represents two separate units, hA and EEV opening. EEV opening units are along 
the left side ordinate axis. And hA units are along the right side ordinate axis. 
The bottom graph is a magnification of one section of the top graph. 
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5.4.3 Regulation with Ramp Change in Load 
A more realistic experiment would be to give the MAC system a ramp change in 
the thermal load on the evaporator while maintaining a constant hA setpoint. Then it 
could be seen how well the controller could regulate the hA. The results of such 
experiments are presented in figures F.4 through F.1 0 in appendix F. A summary of the 
initial and final conditions of each of the tests is in table F.1. 
In these experiments the thermal load was varied by changing the volumetric air 
flow rate over the evaporator. The air flow rate is controlled by a variable speed fan. The 
rotational speed of the fan can be controlled to 0.1 Hz. For each experiment the fan 
speed was ramped up or down manually. The rate of this change varied from experiment 
to experiment. All other parameters of the system, including temperature of air entering 
the evaporator, relative humidity (RH), air flow rate over condenser, and compressor 
speed, were held constant. Only the opening of the EEV was changed by the controller to 
regulate a constant hA. 
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Figure 5.18 Regulation of a constant hA at 0.04 Watts/DC while the fan speed decreases 
at 0.3 Hz/sec. See table F.l for initial and final numerical values of EEV opening, 
capacity, and volumetric flow of air over evaporator. 
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Figure 5.18 is a typical set of data taken from these experiments. Note that the 
controller does a pretty good job in maintaining hA around the setpoint. The air flow rate 
over the evaporator is ramped down at 0.3 Hz/sec. That corresponds in a decrease in 
evaporator capacity from about 18,500 BTU/hr to about 12,500 BTU/hr in about 100 
seconds. 
5.5 Generalizing 
A control system was developed to regulate the LMF of refrigerant exiting the 
evaporator of the MAC test facility. The controller was specifically designed for this 
system, and using the exact same control algorithm on a different system, in general, will 
not work. But, a controller similar to the one presented in this document could be 
designed for most vapor compression air conditioning/refrigeration systems. The 
qualitative behavior of the controller will most likely be similar. For each new system a 
new model of the plant must be constructed (Recall the plant is defined as the subsystem 
of the MAC where the control signal to the EEV is the input, and the hA reading is the 
output.). Once the model is established, linear control theory should be applied to 
develop a controller that will have the desired response (dynamic characteristics)' This 
will usually include some type of proportional and integral control. 
In general, the data presented in chapter 4 (Sensor's Prediction of System 
Performance) will not be the same for any two significantly different systems. While 
qualitative trends may be very similar across systems, numerical results from the MAC 
system are specific to that system. So, data similar to that presented in chapter 4 would 
have to be collected for a system to see where the system shou Id operate, and if the sensor 
has any sensitivity in that regime. 
This controller actuated an EEV to control the system. But, in general, any actuator 
capable of regulating the mass flow rate of refrigerant through the evaporator could be 
used. For example a variable displacement compressor could be used. Such a 
compressor regulates the mass flow rate of refrigerant by varying the displacement of the 
compression chamber(s). One possible problem with such a system is that there is a 
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greater transport delay between the compressor and RTD sensor than between the EEV 
and RTD sensor. It would take longer for the sensor to observe changes in a variable 
displacement compressor. Transport delays are very problematic for controllers and 
should be minimized whenever possible. 
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CHAPTER VI 
CONCLUSIONS 
This document presented the complete history of the development of a controller 
that is capable of regulating the liquid-mass-fraction (LMF) of refrigerant exiting an 
evaporator of a vapor-compression air conditioning system. The feedback sensor of the 
controller is a constant temperature RTD. This sensor is responsible for estimating relative 
amounts of liquid refrigerant in a stream of refrigerant. The voltage across the RTD and the 
temperature of the free-stream refrigerant was estimated and used to used to compute the 
surface-to-free-stream thermal conductance, or hA. hA is a parameter that was defined in 
this document and that parameter was used as an estimate of the LMF. The sensor's output 
(hA) was correlated with LMF data to prove that the sensor could predict LMF. 
Once it was determined that the sensor's output was some function of LMF, data 
was taken to correlate the hA parameter to various system performance characteristics. 
Numerical values of hA were mapped to the performance of the system (using parameters 
such as COP and evaporator capacity to define the performance of the system). This was 
done so that hA could be used as a measure of the system's performance. 
A controller was designed and built to regulate the hA of the system. First, a fifth-
order linear approximation of the plant was developed. Then a lag compensator and a PI 
controller were designed to give the controller the desired dynamics. The control 
algorithm was implemented on a DSP-based controller. The controller was tested and 
determined to be able to regulate hA with a constant hA setpoint, with a step change in 
the hA setpoint, and with a ramp change in the thermal load of the evaporator. 
By using the data collected in chapter 4 (appendix B) regulating hA can be 
interpreted as regulating various system performance characteristics. For example, the hA 
that corresponds to the maximum capacity can be regulated. 
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APPENDIX A 
CLOSED LOOP FREQUENCY RESPONSE OF SENSOR 
The data presented in this appendix is the compensated (constant temperature) 
frequency response of the RTD sensor under various LMFs and nominal voltages. Both the 
LMF of the refrigerant passing over the RTD and the nominal voltage across the RTD affect 
the frequency response of the sensor. 
For each graph the frequency (logarithmic from 10 to 1,000 Hz) is the abscissa. 
The ordinate is a measure of how much energy is associated with each frequency. Table 
Al summarizes all of the graphs in this appendix. The significance of the data is 
discussed in section 3.2.4. 
Table A.l Summary of graphs in appendix A. 
LMF nominal voltage (V) 
Figure 
Al 0.104 6.1 
A2 0.077 5.7 
A3 0.077 8.7 
A.4 0.070 5.7 
AS 0.033 4.9 
A6 0.033 7.7 
A7 0.033 10.2 
A8 0.028 7.8 
A9 0.018 6.9 
Al0 0.000 < LMF < 0.010 6.8 
All 0.000 < LMF < 0.010 8.7 
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Figure A.l Power spectrum decomposition of voltage signal from across the 
RTO. The nominal voltage is 6.7 and the refrigerant has an LMF of 0.704. 
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Figure A.2 Power spectrum decomposition of voltage signal from across the 
RTO. The nominal voltage is 5.7 and the refrigerant has an LMF of 0.077. 
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Figure A.3 Power spectrum decomposition of voltage signal from across the 
RTO. The nominal voltage is 8.7 and the refrigerant has an LMF of 0.077. 
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Figure A.4 Power spectrum decomposition of voltage signal from across the 
RTO. The nominal voltage is 5.7 and the refrigerant has an LMF of 0.070. 
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Figure A.S Power spectrum decomposition of voltage signal from across the 
RTO. The nominal voltage is 4.9 and the refrigerant has an LMF of 0.033. 
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Figure A.6 Power spectrum decomposition of voltage signal from across the 
RTO. The nominal voltage is 7.7 and the refrigerant has an LMF of 0.033. 
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Figure A.7 Power spectrum decomposition of voltage signal from across the 
RTD. The nominal voltage is 10.2 and the refrigerant has an LMF of 0.033. 
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Figure A.B Power spectrum decomposition of voltage signal from across the 
RTD. The nominal voltage is 7.8 and the refrigerant has an LMF of 0.028. 
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Figure A.9 Power spectrum decomposition of voltage signal from across the 
RTO. The nominal voltage is 6.9 and the refrigerant has an LMF of 0.07 8. 
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Figure A.1 0 Power spectrum decomposition of voltage signal from across the 
RTO. The nominal voltage is 6.8 and the refrigerant has an LMF of less than 
0.070 (but greater than 0.000). 
121 
0.0003 less than 1% LMF /8.7 VDC 
0.00025 - - - - - - - - -, - - - - -"'T - - -,- - -,- -,- -,- -,-,- r- - - - - - - - - T - - - - - T - - - -,- - -,- -,- -,- -,- .,-, 
, 
0.0002 , , , - - - - - - - - -"j - - - - -"j - - - -,- - -,- - -,- -,- -,- -, - i" - - - - - - - - - I - - - - - i - - - -,- - -,- - -,- -,- -,- -,-, 
0.00015 I , I I I I I I I I I I I I I ------------------------------------------------------------I I I I I r I I I I I I I I I I I 
0.0001 I I I I , I I I I I I I I I I I I - - - - -, - - -,- - -, - -,- -,- -, - j' - - - - - - - - - I - - - - - T - - - -, - - -,- - -, - -,- -,- -,-
0.00005 
0 
10 100 1000 
Figure A.11 Power spectrum decomposition of voltage signal from across the 
RTO. The nominal voltage is 8.7 and the refrigerant has an LMF of less than 
0.010 (but greater than 0.000). 
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APPENDIX B 
SENSOR AND SYSTEM PERFORMANCE DATA 
This appendix presents the data that was used to map various system performance 
characteristics with the output of the RTD sensor. The data is discussed in section 4.3 of 
this document. Table B.l summarizes the plots in this appendix. Each set of test 
conditions has two figures associated with it. The first figures plots hA, evaporator 
capacity, mass flow rate of refrigerant, superheat across the evaporator, and COP as a 
function of the percentage open of the electronic expansion valve. The second figure 
plots evaporator capacity, superheat across the evaporator, and COP as a function of hA. 
Table B.1 summary of test conditions 
test volumetric air temperature relative humidity compressor figures 
conditions flow rate over of air into of air into speed [rpm] 
set number evaporator [cfm] evaporator [F] evaporator [%] 
1 193 90 43 1375 B.1, B.2 
2 286 84 31 1075 B.3, B.4 
3 287 84 67 1930 B.5, B.6 
4 227 80 48.5 1700 B.7,8.8 
5 226 84 68 1700 B.9, B.10 
6 227 83 48.5 1100 B.11, B.12 
Table B.2 definition of terms in figures 
hA surface-to-free-stream thermal conductance 
capacity capacity of the evaporator (air-side measurement) 
mdot mass flow rate of refrigerant 
superheat degrees of superheat at the exit of the evaporator 
COP coefficient of performance 
EEV opening percentage opening of the electronic expansion valve 
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Figure 8.12 various system parameters as a function of the hA for test conditions 
set 6 (see table B, 1) 
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APPENDIX C 
OPEN LOOP STEP RESPONSE DATA 
The data presented in this appendix are the result of experiments in which the control 
signal to the electronic expansion valve (input) was given a step change, and the 
corresponding hA (output) was observed. Seven separate trials were conducted. They are 
summarized in table Cl. 
Table C.1 Summary of all of the trials where a step change was given to the input of 
the EEV. This data was used to help characterize the system. Details of the parameters 
are discussed in section 5.2.1 of this document. 
trial compressor EEV step hA steady-state rise steady- figure 
speed [rpm] [change in EEV] increase [Watts/oC] time[sec] state gain 
1 lower +0.05 +0.08 19 1.6 C.1,5.1 
2 lower -0.01 -0.01 11 1 C.2 
3 lower -0.02 -0.037 12 1.85 C.3 
4 lower -0.01 -0.02 10 2 C.4 
5 higher +0.005 +0.01 26 2 C.5 
6 higher +0.01 +0.015 12 1.5 C.6 
7 higher +0.01 +0.026 11 2.6 C.7 
The details of the data in table Cl are discussed in section 5.1.2 of this document. 
For the graphs presented in this appendix the values along the ordinate denote valve 
opening for the top curve and hA for the bottom curve. 0.00 means the EEV is fully closed 
and 1.00 means the valve is fully open. hA is in units of Watts/ °C 
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Figure C.1 Trial 1 (see table C. 1). Step change from 25% to 30% open after 20 seconds. 
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Figure C.2 Trial 2 (see Table C. 1). Step change from 30% to 29% after 18 seconds. 
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Figure C.3 Trial 3 (see Table C.1). Step change from 29% to 27% after 17 seconds. 
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Figure C.4 Trial 4 (see Table C. 1). Step change from 27% to 26% after 9 seconds. 
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Figure C.S Trial 5 (see Table C.l). Step change from 26.5% to 27% after 8 seconds. 
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Figure C.6 Trial 6 (see Table C. I). Step change from 27% to 28% after 9 seconds. 
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Figure C.7 Trial 7 (see Table C.l). Step change from 28% to 29% after 70 seconds. 
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APPENDIX D 
MATLAB CODE FOR FREQUENCY RESPONSE 
This appendix contains the Matlab code used to compute the frequency response 
of the plant. The input of the plant is the control signal to the electronic expansion valve 
(EEV), and the output of the plant is the hA parameter (output of the sensor). The code 
was written as a "m" file for Matlab version 4.2 on an IBM compatible personal computer 
(PC). 
Two vectors must be defined prior to the execution of the code. u represents the 
column vector of 10,240 input elements. These are the random control signals to the EEV. 
y represents the column vector of the 10,240 corresponding output elements. These are 
the measurements of hA from the sensor. The data acquisition system (DAS) is responsible 
for outputting a normally distributed random number as the control signal to the EEV. At 
the same time the output of the RTD sensor is read and the corresponding hA is computed 
and recorded. The DAS executes that sequence once every second. This Matlab code 
dictates how those input and output readings are used to estimate the frequency response 
of the plant. 
Each vector of 10,240 is broken up into 10 vectors of 1,024. A fast Fourier transform 
(fft) is performed on each of the 20 vectors. The fft is an algorithm used to approximate 
the Fourier transform. Once the fft's are computed, cross and power spectra are computed. 
The power spectrum for a signal indicates the power in each component of its Fourier 
transform. 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% octSft1.m 
r=1024i % number of samples in each section 
% u is a 10240 element column of the inputs. 
% y is a 10240 element column of the corresponding outputs. 
% remove any zero order trends from the input and output. 
% remove any first order trends from the output. 
u detrend(u) i 
y detrend(y,1) i 
% break up the input into 10 sets of 1024. 
u1=u(1:r) i 
u2=u(r+1:2*r) i 
u3=u(2*r+1:3*r) i 
u4=u(3*r+1:4*r) i 
uS=u(4*r+1:S*r) i 
u6=u(S*r+1:6*r)i 
u7=u(6*r+1:7*r) i 
u8=u(7*r+1:8*r) i 
u9=u(8*r+1:9*r) i 
u10=u(9*r+1:10*r) i 
% break up the output into 10 sets of 1024. 
yl=y(1 :r) i 
y2=y(r+1:2*r)i 
y3=y(2*r+1:3*r) i 
y4=y(3*r+1:4*r) i 
yS=y(4*r+1:S*r) i 
y6=y(S*r+1:6*r)i 
y7=y(6*r+1:7*r) i 
y8=y(7*r+1:8*r) i 
y9=y(8*r+1:9*r) i 
y10=y(9*r+1:10*r) i 
% fast Fourier transform on the input sets. 
U1 = fft(u1)i 
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U2 fft (u2) i 
U3 fft (u3) i 
U4 fft (u4) i 
US fft (us) i 
U6 fft(u6) i 
U7 fft (u7) i 
U8 fft (u8) i 
U9 fft (u9) i 
U10 = fft (ulO) i 
% fast Fourier transform on the output sets. 
Yl fft (yl) i 
Y2 fft (y2) i 
Y3 fft (y3) i 
Y4 fft (y4) i 
YS fft (yS) i 
Y6 fft (y6) i 
Y7 fft (y7) i 
Y8 fft (y8) ; 
Y9 fft (y9) ; 
Y10 = fft (ylO) i 
% compute the cross power spectrum for each set. 
Goil Yl. *conj (Ul) i 
Goi2 Y2.*conj (U2)i 
Goi3 Y3.*conj (U3) i 
Goi4 Y4.*conj (U4) i 
GoiS YS.*conj (US) i 
Goi6 Y6. *conj (U6) i 
Goi7 Y7.*conj (U7)i 
Goi8 Y8.*conj (U8) i 
Goi9 Y9. *conj (U9) i 
GoilO = Y10.*conj (U10) i 
% compute the power spectrum for each output set. 
Gool 
Go02 
Yl.*conj (Yl) i 
Y2 . *conj (Y2) ; 
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Goo3 Y3.*conj (Y3); 
Goo4 Y4.*conj (Y4); 
GooS YS.*conj (YS); 
Goo6 Y6.*conj (Y6); 
Goo7 Y7.*conj (Y7); 
GooS YS.*conj (YS); 
Goo9 Y9.*conj (Y9); 
GoolO = YIO.*conj (YIO); 
% compute the power spectrum for each input set. 
Giil Ul. *conj (Ul) ; 
Gii2 U2 . *conj (U2) ; 
Gii3 U3.*Conj (U3); 
Gii4 U4. *conj (U4) ; 
Giis US. *conj (US) ; 
Gii6 U6.*conj (U6); 
Gii7 U7. *conj (U7) ; 
Giis US.*conj (US); 
Gii9 U9.*conj (U9); 
GiilO = UIO.*Conj (UIO); 
% the estimated frequency domain response of each set 
HI Goil. /Giil; 
H2 Goi2./Gii2; 
H3 Goi3. /Gii3; 
H4 Goi4./Gii4; 
HS GoiS./GiiS; 
H6 Goi6. /Gii6; 
H7 Goi7./Gii7; 
HS GoiS./GiiS; 
H9 Goi9. /Gii9; 
HIO = GoilO./GiilO; 
% compute the magnitude of each set in decibels. 
magHl 
magH2 
magH3 
20*loglO(abs(Hl)); 
20*loglO(abs(H2)); 
20*loglO(abs(H3)); 
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magH4 20*loglO(abs(H4)) ; 
magH5 20*loglO(abs(H5)) ; 
magH6 20*loglO(abs(H6)) ; 
magH7 20*loglO(abs(H7)) ; 
magH8 20*loglO(abs(H8)) ; 
magH9 20*loglO(abs(H9)) ; 
magH10 = 20*loglO(abs(H10)); 
% compute the corresponding phase angle of each set in degrees. 
phH1 angle(H1)*180/pi; 
phH2 angle(H2)*180/pi; 
phH3 angle(H3)*180/pi; 
phH4 angle(H4)*180/pi; 
phH5 angle(H5)*180/pi; 
phH6 angle(H6)*180/pi; 
phH7 angle(H7)*180/pi; 
phH8 angle(H8)*180/pi; 
phH9 angle(H9)*180/pi; 
phH10 = angle(H10)*180/pi; 
frequency 2*pi*(1/r:1/r:.5) ; 
% magnitude and phase plots for each set. 
figure (1) 
subplot(2,1,l) , semilogx(frequency, magH1(1:512)) 
title('samples 1 to 1024') 
ylabel('mag [dB]') 
axis([2*pi*[.001 .5] -20 max(magH1)]) 
subplot(2,1,2) , semilogx(frequency, phH1(1:512)) 
xlabel('frequency (rad/sec)') 
ylabel('phase (degrees)') 
axis([2*pi*[.001 .5] min (phH1) max(phH1)]) 
figure (2) 
subplot(2,1,l) , semilogx(frequency, magH2(1:512)) 
title('samples 1025 to 2048') 
ylabel('mag [dB]') 
axis ( [2*pi*[.001 .5] -20 max(magH2)]) 
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subplot(2,1,2), semilogx(frequency, phH2(1:512)) 
xlabel('frequency (rad/sec) ,) 
ylabel ( 'phase (degrees)') 
axis([2*pi*[.001 .5] min (phH2) max(phH2)]) 
figure (3) 
subplot(2,1,1), semilogx(frequency, magH3(1:512)) 
title('samples 2049 to 3072') 
ylabel ( 'mag [dB]') 
axis([2*pi*[.001 .5] -20 max(magH3)]) 
subplot(2,1,2), semilogx(frequency, phH3(1:512)) 
xlabel('frequency (rad/sec) ') 
ylabel('phase (degrees) ,) 
axis ( [2*pi* [.001 .5] -180 180]) 
figure (4) 
subplot(2,1,1), semilogx(frequency, magH4(1:512)) 
title('samples 3073 to 4096') 
ylabel ( 'mag [dB]') 
axis([2*pi*[.001 .5] -20 max(magH4)]) 
subplot(2,1,2), semilogx(frequency, phH4(1:512)) 
xlabel('frequency (rad/sec) ,) 
ylabel('phase (degrees) ') 
axis([2*pi*[.001 .5] -180180]) 
figure (5) 
subplot(2,1,1) , semilogx(frequency, magH5(1:512)) 
title('samples 4097 to 5120') 
ylabel ( 'mag [dB]') 
axis([2*pi*[.001 .5] -20 max(magH5)]) 
subplot(2,1,2), semilogx(frequency, phH5(1:512)) 
xlabel('frequency (rad/sec) ,) 
ylabel ( 'phase (degrees)') 
axis ( [2*pi* [.001 .5] -180 180]) 
figure (6) 
subplot(2,1,1) , semilogx(frequency, magH6(1:512)) 
title('samples 5121 to 6144') 
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ylabel ( 'mag [dB]') 
axis([2*pi*[.001 .5] -20 max(magH6)]) 
subplot (2, 1,2) , semilogx(frequency, phH6(1:512)) 
xlabel('frequency (rad/sec) ') 
ylabel('phase (degrees) ,) 
axis([2*pi*[.001 .5] -180 180]) 
figure (7) 
subplot(2,l,l), semilogx(frequency, magH7(1:512)) 
title('samples 6145 to 7168') 
ylabel ( 'mag [dB]') 
axis([2*pi*[.001 .5] -20 max(magH7)]) 
subplot(2,l,2), semilogx(frequency, phH7(1:512)) 
xlabel('frequency (rad/sec) ,) 
ylabel('phase (degrees) ,) 
axis([2*pi*[.001 .5] -180180]) 
figure(8) 
subplot(2,l,l), semilogx(frequency, magH8(1:512)) 
title('samples 7169 to 8192') 
ylabel ( 'mag [dB]') 
axis([2*pi*[.001 .5] -20 max(magH8)]) 
subplot(2,l,2), semilogx(frequency, phH8(1:512)) 
xlabel('frequency (rad/sec) ') 
ylabel('phase (degrees) ,) 
axis([2*pi*[.001 .5] -180180]) 
figure (9) 
subplot(2,l,l), semilogx(frequency, magH9(1:512)) 
title('samples 8193 to 9216') 
ylabel ( 'mag [dB]') 
axis([2*pi*[.001 .5] -20 max(magH9)]) 
subplot(2,l,2), semilogx(frequency, phH9(1:512)) 
xlabel('frequency (rad/sec) ') 
ylabel('phase (degrees) ,) 
axis([2*pi*[.001 .5] -180 180]) 
figure (10) 
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subplot(2,1,1), semilogx(frequency, magH10(1:512)) 
title('samples 9217 to 10240') 
ylabel ( 'mag [dB]') 
axis([2*pi*[.001 .5] -20 max(magH10)]) 
subplot(2,1,2), semilogx(frequency, phH3(1:512)) 
xlabel('frequency (rad/sec) ,) 
ylabel('phase (degrees) ') 
axis([2*pi*[.001 .5] -180180]) 
% compute the average cross power (Goiavg) and power spectra (Giiavg and 
Gooavg) 
Goiavg = mean([Goi1'; Goi2'; Goi3'; Goi4'; Goi5'; Goi6'; Goi7'; Goi8'; Goi9'; 
Goi 1 0 ' ; ] ) , ; 
Giiavg = mean ( [Gii1'; Gii2'; Gii3'; Gii4'; Gii5'; Gii6'; Gii7'; Gii8'; Gii9'; 
Gii 10' ; ] ) , ; 
Gooavg = mean ( [Goo1'; Go02'; Go03'; Go04'; Go05'; Go06'; Go07'; Go08'; Go09'; 
Goo 10 ' ; ] ) , ; 
% power spectra in decibels. 
GiiavgDB = 10*log(Giiavg); 
figure (ll) 
semilogx(frequency, GiiavgDB(1:512)) 
ti tIe ( 'Giiavg' ) 
ylabel ( 'mag [dB]') 
axis ( [2*pi*[.001 .5] min (GiiavgDB) max(GiiavgDB)]) 
GooavgDB = 10*log(Gooavg); 
figure (12) 
semilogx(frequency, GooavgDB(1:512)) 
title ( 'Gooavg' ) 
ylabel ( 'mag [dB]') 
axis([2*pi*[.001 .5] min (GooavgDB) max(GooavgDB)]) 
% This is the frequency domain response (This is the model) . 
H = Goiavg./Giiavg; 
magH 20*log10(abs(H)) ; 
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phH angle(H)*180/pi; 
% plotted in rad/sec 
figure (13) 
subplot(2,1,1), semilogx(frequency, [magH(l:512)]) 
title('ALL SAMPLES') 
ylabel ( 'mag [dB]') 
axis([2*pi*[.001 .5] -20 max(magH)]) 
subplot(2,1,2), semilogx(frequency, phH(l:512)) 
xlabel('frequency (rad/sec) ,) 
ylabel ('phase (degrees)') 
axis ( [2*pi* [.001 .5] -180 180]) 
% plotted in hertz. 
frequency2 (l/r:1/r: .5); 
figure (14) 
subplot (2,1,1), semilogx (frequency2, [magH (1: 512) ] ) 
title('ALL SAMPLES') 
ylabel ( 'mag [dB]') 
axis ( [ [.001 .5] -20 max (magH) ] ) 
subplot(2,1,2), semilogx(frequency2, phH(l:512)) 
xlabel('frequency (Hz) ') 
ylabel('phase (degrees) ') 
axis ( [ [.001 .5] -180 180]) 
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APPENDIX E 
CONTROLLER CODE IN C 
This appendix presents the C code used in the controller. The program was written 
and edited on Code Composer. Code Composer was also responsible for compiling the 
code and then downloading the compiled code to the DSP board. 
/* these *.h files define the functions located in *.obj and *.lib files that ~/ 
/* we link with our source code when creating our DSP controller or filter */ 
#include <math.h> 
#include <stdlib.h> 
#include If3proj.h" 
#include "dac.h" 
#include If3def.h" 
#include "sstype.h" 
/******************************************************************************/ 
/* Beginning of Change Area 1 
/******************************************************************************/ 
/* Depending on your application you may need to change some or all of these */ 
*/ 
/* defines. See the comments at the beginning of this file and below for details */ 
/* on these defines */ 
/* 5 ms */ 
#define DATA SIZE 1000 /* number of data points to write to a data M-file */ 
/* must be less than 1000. This was not used in this */ 
/* particular application 
#define POINT INCREMENT 1 /* After POINT INCREMENT time interval the */ 
/* the savedata function will save a data point */ 
/* to be save in datafile at the end of the control */ 
/* i.e. with SAMPLE = .005 and POINT INCREMENT = 3 */ 
/* data will be save every .015 seconds */ 
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#define MANUAL 0 
/* this sets the control of the EEV to manual. */ 
#define CONTROLLER 1 
/* control the valve setting using a desired sensor setting */ 
/******************************************************************************/ 
/* End of Change Area 1 */ 
/******************************************************************************/ 
/* Control Interrupt service routine */ 
void c_int10(void); 
/* this function will tell the DSP to open the EEV. 
when fractionOpen is 1.0, EEV is fully open. 
when fractionOpen is 0.0, EEV is fully closed. 
*/ 
void openEEV(float fractionOpen); 
/* this function will tell the DSP to send voltage 
to the EEV. 
*/ 
when EEVvoltage is 5.0, EEV is fully open. 
when EEVvoltage is -5.0, EEV is fully closed. 
void voltage_to_EEV(float EEVvoltage ); 
/* this function will convert a temperature to its corresponding 
voltage. temp is a temperature between -10 and 30 degrees 
C, and the voltage returned is between -10 and +10 volts. 
*/ 
float temp_to_voltage(float temp); 
/* this function will convert a -10 to +10 voltage to its 
corresponding -10 to +30 degrees C temperature. 
*/ 
float voltage_to_temp(float voltage); 
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/* this function will convert the voltage output of the sensor 
to it corresponding hA 
*/ 
float sensor_voltage_to_hA(float voltage, float T_RTD, float T_evap_out); 
/* this function will determine the voltage output of the sensor, 
given the hA of the refrigerant 
*/ 
float sensor_hA_to_voltage(float hA, float T_RTD, float T_evap_out); 
/* this function will return the resistance of the RTD given 
its temperature 
*/ 
float RTD_temperature_to_resistance (float temperature); 
/* turn the trigger on */ 
void trig_on(); 
/* turn the trigger off */ 
void trig_off(); 
/******************************************************************************/ 
/* Beginning of Change Area 2 */ 
/******************************************************************************/ 
/* define variables you will be using in the control or filter here */ 
int t=O; /* time in units of sample periods */ 
float adcO,adc1,adc2,adc3; 
/* defining my variables */ 
int control CONTROLLER; /* set control to manual or by controller */ 
float outlet_temp 30; /* temperature at the outlet of the */ 
/* evaporator. */ 
float outlet_temp_voltage = 10; /* the voltage that corresponds */ 
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/* to outlet_temp. 
float mix_temp 30; /* temperature at the outlet of the */ 
/* evaporator after it has been mixed.*/ 
float mix_temp_voltage = 10; /* the voltage that corresponds */ 
/* to mix_temp. */ 
float sensor_voltage 0; /* voltage output of the sensor */ 
float RTD resistance 100; /* resistance (in ohms) of the RTD */ 
*/ 
float RTD_temperature 10; /* temperature of the surface of the RTD */ 
float RTDyower 0; /* power dissipated through the RTD */ 
float hA 0; /* the 'surface-to-free-stream thermal conductance' */ 
int i 0; /* increment for the interrupts */ 
int j 0; /* increment for the filter */ 
float filter[25]; /* store values to be averaged */ 
float sum 0; /* summing variable used in the filter */ 
float uk 0.6; /* current output of controller */ 
/* This is the status of the EEV. */ 
/* 0.0 is fully closed. */ 
/* 1.0 is fully open. */ 
float ukm1 0.0; /* output of controller from one sample ago */ 
float ukm2 0.0; /* output of controller from two samples ago */ 
float ek 0.0; /* current error */ 
float ekm1 0.0; /* error from previous sample */ 
float ekm2 0.0; /* error from two samples ago */ 
float target_hA 0.04; /* desired sensor output */ 
/******************************************************************************/ 
/* End of Change Area 2 */ 
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/******************************************************************************/ 
/* 
*/ 
This is the start of the main background routine. 
The main function does all the initial setup and then 
starts the servo interrupt. 
main(int argc, char *argv[]) 
int wait; 
/* init Software initializes the memory set aside for Host communication */ 
/* and allocates memory to be used in the savedata function */ 
init Software (DATA_SIZE) ; 
/* init IOF register so XFO and XFl are set to outputs with a value of ° */ 
/* asserts DSP-LINK3 reset */ 
IOFMaskWrite(DSP SET_RESET); 
/* hold DSP-LINK3 in reset for awhile to produce a good reset pulse */ 
wait = 0; 
while(wait <= 15) 
wait++; 
/* release reset on DSP-LINK3 */ 
IOFMaskWrite(DSP_CLEAR_RESET) ; 
/* Set the intO interrupt vector to point to our interrupt service */ 
/* routine (ISR). It is very important that we call our ISR "c intXX" */ 
/* (XX being any number from 0-99) because the TI C compiler will automatically */ 
/* insert code that saves the DSP's register values when our ISR is */ 
/* called. c intl0 is defined below. */ 
*(UINT32*)Ox87FF04 = ((UINT32)c_intl0); 
writedac(O,O.O) ; 
writedac(I,O.O) ; 
/* zero all dacs */ 
SetINT_ISABUSonly() ; 
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/******************************************************************************/ 
/* End of Area 2 */ 
/******************************************************************************/ 
/* Initialize all variables here */ 
t = 0; 
/******************************************************************************/ 
/* Area 4 */ 
/******************************************************************************/ 
/* setup interrupts for both adc interrupt and ISA interrupt */ 
/* set the trigger to 125us/8000Hz, value of the timer control register */ 
/* Sample rate can be from 95Hz to 
/* l/f = 160ns*(1000hex - xxxxhex) 
/* FFC2. */ 
/* FCF4 -> 8003 Hz */ 
/* FD76 -> 9601 Hz */ 
/* FF84 -> 50000 Hz */ 
/* OBDC -> 100 Hz */ 
/* 85EE -> 200 Hz */ 
/* CF2C -> 500 Hz */ 
Init_For_Control(OxObdcOOOO) ; 
/* initialize valve */ 
openEEV ( uk ); 
ukm1 uk; 
ukm2 uk; 
readadc(&adcO,&adc1) ; 
sensor_voltage = 10*adcO; 
outlet_temp_voltage = adc1; 
100000Hz */ 
where xxxx is 0001 to */ 
outlet_temp = voltage_to_temp(outlet_temp_voltage); 
hA sensor_voltage_to_hA (sensor_voltage , RTD_temperature, outlet_temp); 
ek target_hA - hA; 
ekm1 = ek; 
/* begin recursive PID loop */ 
while (1) {} 
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/*+***************************************************************** 
Name: 
c int10 
Synopsis: 
void c_int10(void) 
Return: 
Nothing. 
Description: 
This is the servo timer interrupt service routine (ISR). We are taking 
advantage of TI's convention of identifying functions with the name 
c_intXX() as interrupt functions. The compiler will do 
all the context saving and restoring that we need. 
Notes: 
**-*********************************************************************/ 
void c_int10(void) 
/******************************************************************************/ 
/* Beginning of Change Area 6 */ 
/******************************************************************************/ 
/* This where you enter your control and/or filter algorithms. Read you feedback */ 
/* signal. Filter the signal, calculate a control law if needed and output voltage */ 
/* value from -10V to +10V to the appropriate DAC. */ 
/* you can also save eight data values at each sample with the savedata function */ 
/* the DSP is set to interrupt at a frequency of 100 Hz, 
/* but the controller only needs to operate at 1 Hz 
*/ 
*/ 
/* So, nothing happens in the first 75 samples of each second */ 
/* During the last 25 samples of the second, the output voltage */ 
/* of the sensor is read and stored in an array. */ 
/* At the hundredth and final sample of the second the elements */ 
/* of the array are averaged (box-car filter) */ 
/* This average voltage is then used to calculate hA 
if (i == 0) trig_on() i 
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*/ 
if (i 3) trig_off(); 
if (i >= 75) { 
readadc(&adcO,&adc1) ; 
filter[jl = adcO; 
j++; 
if (j == 25) 
sum 0; 
j - - ; 
while (j >= 0) { 
sum = sum + filter[jl; 
j = j-1; 
j = 0; 
sensor_voltage sum/2.5; /* the voltage that is read from the sensor */ 
/* is actually only 1/10 of the actual output */ 
/ * vol tage of the sensor * / 
outlet_temp_voltage = adc1; 
outlet_temp = voltage_to_temp(outlet_temp_voltage); 
hA = sensor_voltage_to_hA (sensor_voltage , RTD_temperature, outlet_temp); 
writedac(O, 50*hA ); /* this is how data is transferred between the */ 
/* DSP and HP VEE */ 
i=-l; 
switch (control) 
case (MANUAL) : /* control = 0; controller not used */ 
openEEV( uk ); /* uk is current valve setting */ 
ukm2 = ukm1; 
ukm1 uk; /* current valve setting is set to the previous setting */ 
ekm1 0; 
ekm2 0; /* set error to zero */ 
break; 
case (CONTROLLER) : /* control 1 */ 
if (i == -1) { 
ekm2 
ekm1 
ukm2 
ekm1; 
ek; /* current error is set to the previous error */ 
ukm1; 
157 
ukm1 uk; /* current valve setting is set to the previous setting 
*/ 
break; 
i++; 
ek (target_hA - hA)/5; 
uk 0.2763*ekm2 - 0.6091*ekm1 + 0.3333*ek - 0.9460*ukm2 + 
1.946*ukm1; 
if (uk < O. 0) { uk 
if ( uk > 1. 0 ) { uk 
openEEV ( uk ); 
0.0; } 
1. 0; } 
/***************************************************** *************************1 
/* End of Change Area 6 */ 
/******************************************************************************/ 
t++; 
/******************************************************************************/ 
/* Area 7 */ 
1***************************************************** *************************/ 
/* this is where I define my functions. */ 
/* this function will tell the DSP to open the EEV. 
when fractionOpen is 1.0, EEV is fully open. 
when fractionOpen is 0.0, EEV is fully closed. 
*/ 
void openEEV(float fractionOpen) 
float v = -5.0; 
if (fractionOpen > 1.0) fractionOpen 
if(fractionOpen < 0.0) fractionOpen 
v = -5 + 10*fractionOpen; 
writedac (l,v); 
uk = fractionOpen; 
1. 0; 
0.0; 
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/* this function will tell the DSP to send voltage 
to the EEV. 
when EEVvoltage is 5.0, EEV is fully open. 
when EEVvoltage is -5.0, EEV is fully closed. 
*/ 
void voltage_to_EEV( float EEVvoltage ) { 
if(EEVvoltage > 5.0) EEVvoltage = 5.0; 
if(EEVvoltage < -5.0) EEVvoltage = -5.0; 
writedac(l, EEVvoltage ); 
uk = EEVvoltage/10 + .5; 
/* this function will convert a temperature to its corresponding 
voltage. temp is a temperature between -10 and 30 degrees 
C, and the voltage returned is between -10 and +10 volts. 
*/ 
float temp_to_voltage(float temp1) 
return (-4.93 + 0.4873*temp1); 
/* this function will convert a -10 to +10 voltage to its 
corresponding -10 to +30 degrees C temperature. 
*/ 
float voltage_to_temp(float voltage1) 
return (10.117 + 2.052*voltage1); 
/* this function will convert the voltage output of the sensor 
to it corresponding hA 
*/ 
float sensor_voltage_to_hA(float voltage, float T_RTD, float T_evap_out) { 
float resistance, power, dT; 
resistance = RTD_temperature_to_resistance(T_RTD); 
power = voltage*voltage/4 / resistance; 
dT = T_RTD - T_evap_out; 
return ( power/dT ); 
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/* this function will determine the voltage output of the senosor, 
given the hA of the refrigerant 
*/ 
float sensor_hA_to_voltage(float hA, float T_RTD, float T_evap_out) { 
float dT = T_RTD - T_evap_out; 
float power = hA*dT; 
return (2*sqrt(power*RTD_temperature_to_resistance(T_RTD»); 
/* this function will return the resistance of the RTD given 
its temperature 
*/ 
float RTD_temperature_to_resistance (float temperature) { 
return (100 + 0.39*temperature); 
/* turn the trigger on */ 
void trig_on() { 
outp(Ox200000, 1); 
/* Ox200000 is the address for digital I/O read/write */ 
/* pin 2 is digital ground. */ 
/* pin 3 is digital channell. */ 
/* turn the trigger off */ 
void trig_off() { 
outp(Ox200000, 0); 
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APPENDIX F 
hA REGULATION DATA 
This appendix presents all of the data taken to demonstrate the controller's ability 
to regulate the liquid mass fraction (LMF) of refrigerant exiting the evaporator. Three types 
of experiments were conducted: (1) regulation with constant setpoint (section 5.4.1), (2) 
regulation with step change in setpoint (section 5.4.2), and (3) regulation with ramp 
change in load (section 5.4.3). For experiments with a ramp change in the thermal load 
the relative changes in electric expansion valve (EEV) setting, evaporator capacity, and 
volumetric flow rate of air passing over the evaporator are displayed in the graphs. The 
numerical values of each of these parameters at the beginning and end of the experiment 
can be found in table F.1. The thermal load of the system was varied by changing the 
speed of the fan that pushes air over the evaporator. The speed of the fan is measured in 
Hz and the rate of change of the fan for each experiment is also given in table F.1. When 
the hA was being regulated with a constant setpoint (section 5.4.1) the system is 
essentially at steady-state. When the hA was being regulated with a step change in 
setpoint (section 5.4.2), only the EEV setting was altered during the course of the 
experiment. The data in this appendix is explained in section 5.4. 
Table F.1 Initial and final conditions of tests where thermal load was varied 
figure initial final initial final hA 
EEV EEV 
+10 .. 
-10 
+10 
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Figure F.1 Regulation of a constant hA at 0.06 Watts/DC. The top line is the control 
signal to the EEV. The straight line is the hA setpoint. And the other data is the hA 
reading from the RTO sensor. 
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Figure F.2 Regulation of a constant hA at 0.06 Watts/DC. The top line is the control 
signal to the EEV. The straight line is the hA setpoint. And the other data is the hA 
reading from the RTO sensor. 
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Figure F.3 Regulation of a constant hA at 0.08 Watts/DC. The top line is the control 
signal to the EEV. The straight line is the hA setpoint. And the other data is the hA 
reading from the RTO sensor. 
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Figure F.4 Regulation of a constant hA at 0.08 Watts/DC while the fan speed decreases 
at o. 1 Hz/sec. See table F.l for initial and final numerical values of EEV opening, 
capacity, and volumetric flow of air over evaporator. 
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Figure F.S Regulation of a constant hA at 0.08 Watts/DC while the fan speed increases at 
0.2 Hz/sec. See table F.7 for initial and final numerical values of EEV opening, capacity, 
and volumetric flow of air over evaporator. 
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Figure F.6 Regulation of a constant hA at 0.04 Watts/DC while the fan speed increases at 
0.7 Hz/sec. See table F.7 for initial and final numerical values of EEV opening, capacity, 
and volumetric flow of air over evaporator. 
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Figure F.7 Regulation of a constant hA at 0.04 Watts/DC while the fan speed decreases 
at 0.3 Hz/sec. See table F.l for initial and final numerical values of EEV opening, 
capacity, and volumetric flow of air over evaporator. 
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Figure F.B Regulation of a constant hA at 0.04 Watts/DC while the fan speed increases 
very abruptly (about 10Hz/sec). See table F.l for initial and final numerical values of 
EEVopening, capacity, and volumetric flow of air over evaporator. 
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Figure F.9 Regulation of a constant hA at 0.04 Watts/DC while the fan speed decreases 
very abruptly (about 10Hz/sec). See table F.l for initial and final numerical values of 
EEVopening, capacity, and volumetric flow of air over evaporator. 
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Figure F.l0 Regulation of a constant hA at 0.04 Watts/DC while the fan speed increases 
very abruptly (about 10Hz/sec). See table F.l for initial and final numerical values of 
EEVopening, capacity, and volumetric flow of air over evaporator. 
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Figure F.ll Regulation of hA with step changes in step point. The ordinate 
represents two separate units, hA and EEVopening. EEV opening units are along 
the left side ordinate axis. And hA units are along the right side ordinate axis. 
The bottom graph is a magnification of one section of the top graph. 
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